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Silicon switch provides deft control over electrical 
power flow, enhancing grid efficiency and reliability. 
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Debate: Does Free Trade Harm the Environment? 

The Case for Free Trade 

Jagdish Bhagwati 

Single-minded concern about threats to the ecosphere blinds many environmen¬ 
talists to important economic forces that correct poor ecological practices. As 
incomes rise and a middle class emerges, grovvlng attention to the quality of life 
promotes behavior and laws that protect the environment. 


The Perils of Free Trade 

Herman E. Daly 


Unless all producers and consumers are directly liable for the cost of environ¬ 
mental damage, free trade can seriously endanger the ecosystem. Manufacturers 
can move capital to regions unprotected by strong environmental laws. Jobs— 
and degradation of air, water and the biosphere—will rapidly be exported there. 
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Chemical Signaling in the Brain 

Jean-Pierre Change ax 

Every thought, every voluntary^ action, begins when a neurotransmitter, released 
into a synapse, locks with its corresponding receptor. The receptor changes 
shape, causing the neuron to become permeable to ions. As the ions move, they 
change the electrical potential of the cell, causing a wm^e of current to run down 
it. How binding to a receptor can induce ionic flow^ is now becoming clear. 



X-ray Binaries 

Edward F. J. van den Heuvel and Jan van Paradijs 

Most of the stars that pierce the night sky glow^ because of the fusion of atomic 
nuclei. But some double stars produce outpourings of x-rays through an even 
more efficient process. These systems often contain a tiny neutron star and a 
much larger companiorL The neutron star’s powerful gravitational field pulls gas 
from the other star. As the materiiiJ gathers, it grows so hot that it emits x-rays. 



Science in Pictures 

The Art of Boris Artzybasheff 

Domenic J. lacono 


A half century ago this emigre from Ukraine began to fashion his vision of 20th- 
century civilization, in which humans and machines grew to resemble each oth¬ 
er as the agents of war and peace shaped their masters' lives. 
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High-Power Electronics 

Narain G. Hingorani and Karl E. Stahlkopf 


Consumers of electrical power demand both quality and quantity. The existing 
technology for controlling the flow of power through the nation’s grid presents 
a choice between economy and spotty performance or waste and reliability. To 
the rescue come semiconductor switching devices. 



Ancient DNA 

Svante Pddbo 


DNA from creatures that died tens of thousands or even mdllons of years ago 
can be partially reproduced. Although the degradation of the molecule at death 
prevents complete deciphering, the study of reconstituted fragments allows re¬ 
vealing comparisons to be made between extant and ancient species. 



Trends in the Sociology or Science 

A Lab of Her Own 

Marguerite Holloway, staff writer 


After decades of sincere, earnest effort to engage women in science, the profes¬ 
sion resists their admission into its informal clubs and networks more com¬ 
pletely than does almost any other. The reasons range from sexism and the tra¬ 
ditions of mentoring to the expectations that teachers and other adults harbor 
for girls and boys in the earliest years of school. 



DEPARTMENTS 

Science and the Citizen 

Ckins 'n autos.... Scieatific pork.... 
Hantavirus and bio war,*.. Dark mut- 
teilngs about dark matter.... Prog¬ 
ress on Alzheimer's disease.... Cock¬ 
roach tough.,,, The tiniest quantum 
dot.... Profile: Marvin Minsky, artifi' 
dal-intelligeiicG prophet honored. 


Science and Business 

Research chemists seek kinder cata¬ 
lysts .... Hardening airliners.... Soft¬ 
ware skipper.... A one-horse race for 
an AIDS vaccine.... Regenerate the 
dentin and pass the Godiva.... The 
Analytical Economist: Ivy League 
bonus babies. 



Letters to the Editor 

Gnashings over nature versus 
nurture.,,. Normal abnormal.s. 

SO and 100 Years Ago 
1893: The Edison invention 
that didn't get off the ground. 

Mathematical Recreations 

A garden reverie about 
Fermat's Last Theorem, 



Book Reviews 
A cultivated look at the biolog* 
ical roots of mental illness. 

Essay: Bruce Russett 
Rjj for global peace: a world 
of democratic governments. 
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THE COVER image depicts an MOS^con- 
trolled thyristor, a device for handilng high- 
voltage electricity. Current entering and 
leaving the device is represented by the 
bright, glowing regions. Thyristors combine 
high-power electronics with the same kinds 
of sUicon fabrication techniques used to 
make integrated circuits. By Increasing the 
capacity of high-voltage transmission lines, 
utilities couid defer up to S50 billion in 
spending over the next 30 years (see “High- 
Power Electronics," by Narain G. Hingorani 
and Karl E. Stahlkopf, page 52). 
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LETTERS TO THE EDITORS 


Genes and Behavior 

John Morgan’s article ^'Eugenics Re¬ 
visited" [SctENTinc American, June], as 
its title suggests, would rather try to 
embarrass behavioraJ geneticists and 
impugn their motives as politically sus¬ 
pect than enlighten the reader about a 
long-standing controversy. 

The two boxes and the captions of 
the five illustrations betray Horgan’s in¬ 
tent: claims of genetic influence on psy¬ 
chological characteristics are aOeged to 
be overblown or doubtful and to have 
been recently retracted or deemed un¬ 
publishable. One half-page box reminds 
the reader that Llitler was an enthusias¬ 
tic eugenicist and thus, presumably, 
had much in common with the modem 
behavioral genetics researcher. But as 
those who are familiar with contempo¬ 
rary behavioral genetics literature will 
know, these baseless accusations arc 
merely an attempt to win with scare 
tactics that which has nor been won in 
the research laboratory. 

Apart from direct assessments, the 
status of an individual’s identical twin 
is the single best predictor of risk for 
schizophrenia, manic-depressive illness, 
alcoholism, IQ and personality. More¬ 
over, evidence from twin studies is 
consistent with both adoption studies, 
which show that adoptees resemble 
psychologically their biological parents 
more than their adoptive parents, and 
family studies, which demonstrate that 
the psychological similarity among reL 
atives is directly related to their degree 
of genetic relatedncss. 

Explanations for behavioral genetics 
findings summarized in Morgan’s arti¬ 
cle are either laughable (as when he 
says the similarity' in sexual orientation 
between twins owes to having been 
dressed alike as children), disingenuous 
(as when twins reared apart are said to 
owe their similarity to contact between 
the twins even though both the Min¬ 
nesota and the Karolinska groups have 
tested and rejected that possibUity), or 
misleading (as when Morgan features 
the only study of alcoholism in male 
twins that failed to report significantly 
greater concordance between identical 
than nonidentical twins- even though 
that study involved a far smaller sam¬ 
ple than any of the five other studies). 
Ironically, a case for behavioral ge¬ 
netics is made in the article on '"Au¬ 
tism,” by Uta Frith, in the same issue. A 


generation ago behavioral scientists as¬ 
cribed autism to, among other things, 
the inadequacies of "refrigerator moth¬ 
ers." As Frith points out, twin studies 
have shown that "autism can have a ge¬ 
netic basis,” and biobehavioral models 
of autism are now favored. Morgan, and 
the select group of critics he promotes, 
may long for the bygone days of radi¬ 
cal environmentalism, but thankfully 
those days are past. 

Matt McGue 
D epartment of Psychology 
University of Minnesota 

Co-signers include 16 scientists from 
eight institutions in the US., Australia, 
Sweden and the Netherlands; list avail¬ 
able from McGue. 

Morga n replies: 

ril respond to just three points made 
by McGue et al. First, nowhere did I im¬ 
pugn their motives as politically sus¬ 
pect, But since they raise the issue, let 
me note that the major sponsor of the 
Minnesota twin studies is the Pioneer 
Fund, a private foundation that has also 
supported William Shockley and other 
proponents of racial theories of intelli¬ 
gence. Second, the chief critics of the 
Minnesota twin studies are not "radical 
environmentalists” but other behavior¬ 
al geneticists, who believe the methods 
of the Minnesota group are biased to- 
w'ard high heritability. Finally, a grow¬ 
ing number of investigators suspect 
that viral infections or physical trau¬ 
mas occurring during pregnancy might 
cause autism—possibilities that do not 
fall neatly into either the nature or nur¬ 
ture category. 


Cochlear Implants 

i commend John Rennie on "Who Is 
Normal?” [“Science and the Citizen," 
SciENTUTC American, August], As one 
of a few audiologists who respect and 
actively elicit the view of the American 
deaf community, I am thrilled to see al 
last such an unbiased article about this 
controversial topic of cochlear implants, 

I w'ould have to agree with Robert 
Shannon, who stated so assuredly, 'T 
don’t think „, that deaf people are well 
integrated into society at large ” I 
would have to add that this is true for 
African-Americans, Hispanic-Americans, 


female Americans, gay Americans, poor 
Americans, handicapped Americans and 
other oppressed minorities, “"Society at 
large" in this country means white, up¬ 
per middle dass, Protestant, well edu¬ 
cated and male. We, as a country, shape, 
coerce and even demand our inhabi¬ 
tants to conform to this mold or be das- 
sified as a second-dass dtizeiE How un¬ 
fortunate. How sad. 

We should no more be trying to make 
deaf children hearing or Littie People 
taller than we should try to make ASri- 
can-Americans white or women into 
men. If we can stop making assump¬ 
tions long enough to listen to those 
who are deaf, listen to those who are 
Little People, listen to those who are 
African-American...then we can hear 
the truth. 

Holly m. Geesun 
Indianapolis, Tnd. 

Can’t Get There from Here 

In “Australia’s Polar Dinosaurs" |Sci- 
ENiitic American, July], Patricia Vick¬ 
ers-Rich and Thomas Hewitt Rich spec¬ 
ulate that the tendency toward dwarf¬ 
ism shown by populations on islands 
may be a response to selective pressure 
to increase the number of individuals 
so as to ensure a diverse gene pool. Yet 
selective pressure can reduce the aver¬ 
age size of a population only if a small 
individual achieves greater reproduc¬ 
tive fitness than its larger cousins. The 
prospect of retaining a diverse gene 
pool many generations into the future 
cannot have the effect of increasing the 
frequency of a gene for small size. 

Andrew Page 
Langport, England 

Vickers-Rich and Rich reply: 

You are correct. Space considerations 
forced us to abbreviate our presenta¬ 
tion of The mechnisms causing dwarf¬ 
ism in island populations. Page 196 of 
our book Wildlife of Gondwana (Reed 
Books, Sydney, 1993) has a more thor¬ 
ough treatment of this topic. 


Became of the volume of mail, letters 
to the editor cannot be acknowledged. 
Letters selected for publication may be 
edited for length and clarity- 
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50 AND 100 YEARS AGO 


NOVEMBER 1 943 

""Air-condilioning of submarines is 
now possible through use of a non-tox¬ 
ic, non-explosive fluid, called Treon-12,’ 
fluorine refrigerant, which is non-poi- 
sonous, has no odor, and will not sup¬ 
port flame. It does not explode should 
it come into contact with the electric 
stoves of a sub's galley, nor does it in^ 
terfere with the chemicals which purify 
the air. The men aboard the underseas 
vessels so equipped can even smoke.” 

“Glass with non-reflecting surfaces, 
developed for military uses by Ameri¬ 
can Optical and RCA, can be applied, 
with desirable results, to post-w^ar man¬ 
ufacture of many useful items. Among 
the new products are windshields sans 
dangerous reflections, less conspicuous 
spectacle lenses, more easily read in¬ 
struments, faster camera lenses, shop 
windows free from reflections, more 
efficient microscopes and other light- 
transmitting instruments/’ 

“Newspapers and magazmes of to¬ 
day frequently predict a post-war fu¬ 
ture including a private airplane in ev¬ 
ery garage. General Aircraft Corpora¬ 
tion has opened up a bit in regard to 
its plans. Here is a prophet¬ 
ic quotaiion: *Our business 
man leaves his home in the 
morning in his *car,’ drives 
to the airport. While ha\1ng 
his ‘car' filled with gas, the 
attendants put on the wings, 
a five-minute job. After fly¬ 
ing to his destination, he has 
the wings removed, drives 
his ‘car' downtown, makes 
Ms necessary calls, drives 
back to the airport, and, don¬ 
ning his wings, goes on to 
his next destination by air.’ ” 

“Rayon and other fibers 
are cutting deeply into cot¬ 
ton’s tire-cord monopoly and 
are threatening other strong¬ 
holds. Science, however, is 
starting to alter the situation. 

Designs for cotton goods are 
being developed in many 
forms; chemical treatments 
are being worked out to 
change the feel, the appear¬ 
ance, and the quahty' of cot¬ 
ton fabrics; cotton is being 


made w^ater-proof, rot-proof, fire-proof, 
and spot-proof; agricultural experts are 
developing plants which will produce 
better grades of the fiber in larger 
quantities.’' 



NOVEMBER i 893 

“If ordinary placental mammals have 
evolved from pouched animals like the 
modem marsupials, rudiments of the 
pouch ought certainly to be recogniz¬ 
able in some of them. Dr. H. Klaatsch 
has just made the interesting announce¬ 
ment that such rudiments can actually 
be observed in most placentals. Some¬ 
thing of ihe kind has already been 
found in the lemurs, and nne author ha.s 
supposed that rudiments of the pouch 
can also be detected in the sheep.” 

“ ‘Once 1 placed an aerial motor on a 
pair of Fairbanks scales and set it going,’ 
says TTiomas A. Edison. Mt Ughiened the 
scales, but it didn't fly, .Another time I 
rigged up an umbreUa-hke disk of shut¬ 
ters and connected it with a rapid pis¬ 
ton m a perpendicular cylinder. I hese 


Movable lamp for stairway 


shutters w'ould open and shut. If I could 
have got sufficient speed, say a mile a 
second, the inertia or resistance of the 
air would have been as great as steel, 
and the quick operation of these shut¬ 
ters w^ould have driven the machine, but 
I couldn’t get the speed. I believe that 
before the air ship men succeed they 
will have to do away with the buoyancy 
chamber.’" 

'The American Telephone and Tele¬ 
graph Company recently gave an exhi¬ 
bition of their long-distance telephone 
lines to a small party of guests who as¬ 
sembled at the Telephone building in 
Cortlandt Street. Among those assem¬ 
bled were Dr. Von Helmholtz and Prof. 
Alexander Graham Bell. A number of 
receivers were arranged so as to give 
each of the party a connection to the 
line. Connection was made with Bos¬ 
ton, Chicago, and Washington m turn, 
and conversarions were held with the 
officers at those points. A comet was 
also played which was heard through 
500 miles of wire as distinctly as though 
it were in an adjoining room." 

“It is indispensable for the sake of 
economy, and especially for safety, to 
shut off the gas at the meter for the 
night in every’ house. The 
movable night lamp, which 
operates ai an expense of 
but one cent a night, pre¬ 
sents the advantage of ac¬ 
companying those who go 
up or down stairs after the 
gas has been put out. It suf¬ 
fices to grasp at the bottom 
of the staircase a light coun¬ 
terpoise fixed to the lamp by 
a cord, and the lamp then 
ascends with the person and 
affords him light progres¬ 
sively. When the story at 
which one is to stop is 
reached, Ihe lamp, upon the 
w'eight being released, de¬ 
scends of itself to the bot¬ 
tom of the stairway. In order 
to descend with a lighl, it 
suffices to raise the lamp 
through the chain that sup¬ 
ports li (an operation that 
requires three seconds) and 
to grasp the counterpoise. 
The lamp then follows the 
person to the bottom of the 
staircase.” 



6 SciENTiEic American November 1993 















































SCIENCE AND THE CITIZEN 


Grim Statistics 

Gunfire may surpass auto 
accidents as a cause of death 


T he European tourists who 
w'ere shot by highway "hun¬ 
ters*’ in Florida were driv¬ 
ing cars that were legally required 
to have seat belts and may even 
have been equipped with airbags. 

Whereas nationwide concern 
with automobile safeW has led to 
improved crash-worthiness and 
tougher laws for drunken driving, 
the number of deaths caused by 
gunfire continues to increase. Will 
the declining curve of auto-relat- 
ed mortality' intersect with the rising 
curve of deaths from firearm use? 

The most authoritative statistics in¬ 
dicate that the question is not "will?’* 



2010 


LONG-TERM MORTALFTY TRENDS for motor vehi¬ 
cles and firearms (colors) converge in 2003f short- 
lerm onesTblack) m 1994, 


but “when?” According to Garen Winte¬ 
mute of the University of California at 
Davis, guns may move into first place 
during the next decade. 


Wintemute’s comparison of gun 
and automobile mortahty statis¬ 
tics {left) was pubhshed in the 
Journal of the American Medical 
Association. The date on which the 
nation achieves the crossover- 
some reports reveal that Louisi¬ 
ana and Texas have already done 
so—depends on the stability of 
ciirreni trends. Deaths from gun¬ 
shot wounds have increased rap¬ 
idly during the past five years (af¬ 
ter a decade of declme)j whereas 
automobile fatalities are falling 
faster than usual, as they tend to 
do in bad economic times. If this 
new pattern persists, more peo¬ 
ple will die from gunfire than in 
auto accidents during 1994. But 
if long-term historical trends reassert 
themselves, ihe crossover will wail un¬ 
til a few years after the turn of the 
century. —Paul Wallich 


Dot’s Incredible 

ControUing single electrons 
in a quantum dot 

M anipulating small numbers of 
atomic particles seems to have 
become a standard part of the 
repertoire of physics. So devotees of the 
art are being dazzled by a supreme feat 
of nanoscale sleight of hand, which has 
been achieved by researchers at AT&T 
Bell Laboratories. 

The Bell Labs workers, Raymond C. 
Ashoori, now at the Massachusetts In¬ 
stitute of Technology, and 
Horst L. Stormer and their col¬ 
leagues, report in Physical Re¬ 
view Letters that they can con¬ 
trol the behavior of as few 
as one or two electrons in a 
patch of semiconducting ma¬ 
terial that is only a few tens 
of nanometers square. This lev¬ 
el of resolution was previous¬ 
ly thought to be unattainable. 

The success should enable in¬ 
vestigators to explore quan¬ 
tum phenomena that have nev¬ 
er been observed in an experi¬ 
mental setting and might serve 
as a basis for significant tech¬ 
nological advances. 

The semiconductor specks 
are known as quantum dots, 


or artificial atoms. Although many real 
atoms actually constitute a quantum 
dot, the electronic properties of a dot 
make it the equivalent of an individual 
atom, like a real atom, a quantum dot 
harbors distinct numbers of electrons. 
But rather than being held in place by 
the charge of a nucleus, the electrons 
in an artificial atom are confined by 
boundaries of a material. Trapped in 
such a box, the electrons occupy dis¬ 
crete energy levels, just as they do 
when bound by a real nucleus. A quan¬ 
tum dot is constructed from a film of 
semiconducting material, such as galli¬ 
um arsenide, sandwiched between two 


insulating layers. ITie lithographic pro¬ 
cesses used to etch circuit patterns can 
form the artificial atoms [see *’Dimin- 
ishing Dimensions,” by Elizabeth Cor¬ 
coran; SoENTinc American, November 
1990; and ’'Quantum Dots,” by Mark A. 
Reed, January]. 

Detailed studies of the properties of 
quantum dots have been difficult. The 
standard method of examining their 
electronic characteristics—measuring 
the charge flowing through them—was 
hmited in resolution. “The current is 
small, and you have to put 30 to 40 elec¬ 
trons into the aitifidal atom before cur¬ 
rent flows,” according to Marc A. Kast- 
ner, an M.LT. invesiigator who 
also explores artificial atoms. 

But Ashoori had a dream of 
looking at electrons one by 
one as they accumulate to 
form an artificial atom. While 
working at Bell Labs, he and 
his colleagues decided to try 
measuring changes in the 
amount of charge (that is, the 
capacitance) caused by the dot 
rather than the amount of cur¬ 
rent flowing though it. The 
technique, single-electron ca¬ 
pacitance spectroscopy, calls 
fi>r placing an artificial atom 
between two electrically con- 
ductiiig plates. “We then apply 
a 'ticklMg* voltage to induce an 
electron from one of the plates 



QUANTUM DOTS are fabricated inside metal disks about 
one micron in diameter A contact loop collars the middle 
disk and transmits the signals from the tunneling elec¬ 
trons inside to measurement devices. 
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to tunnel,'’ Ashoori explains. The laws 
of quantum physics give the electron, 
wliich does not have enough energy to 
move from the plate to the semiconduc¬ 
tor, a temporaiy^ boost. The particle can 
then tunnel through the energy barrier 
to make the trip. When it does so, it be¬ 
comes bound to the artificial atom. The 
electron does not bond to a real atom, 
because according to the quantum me¬ 
chanics of sohds it is a free electron. 
Free electrons do not feel the presence 
of real atoms in the material. 

Ashoori knows when an electron has 
tunneled to the artificial atom, because 


the particle's movement induces a mi¬ 
nuscule but detectable charge to form 
in the other plate. By changing the volt¬ 
age across the plates, the investigators 
can make electrons tunnel one by one 
to the artificial atom. Only the tem¬ 
perature of the sample, which must 
be kept near absolute zero, limits the 
resolution. 

The physicists grant that the capaci¬ 
tance technique may have some practi¬ 
cal use. It might, for instance, act as a 
foundation for a photodetector that 
counts single electrons. The device would 
be superior in performance to existing 


detectors by a factor of 10. The dots 
themselves might also be employed as 
the ultimate tiny circuit element. Ash¬ 
oori and Stormer point out, however, 
that the true strength of the work lies 
in basic research. "It is a toy box, an in¬ 
credibly powerful microscope,” Ash¬ 
oori says. 

But why look at artihdal atoms when 
there are plenty of natural ones lying 
around? The answer is that an artihdal 
atom differs in promising ways from 
the real McCoy. Opantum dots are sever¬ 
al hundred times larger (a hydrogen 
atom is about 0,1 nanometer in diame¬ 
ter), and the "walls” that trap electrons 
in a dot are not as symmetric as the 
nudear charge that holds electrons. 
Such differences, the researchers say, 
open a new realm of physics. 

For example, tests of quantum ef¬ 
fects that require temperatures, field 
strengths and other conditions well be¬ 
yond those achievable with today's 
equipment become possible in artificial 
atoms. One is the influence a magnetic 
field exerts on confined electrons. Ac¬ 
cording to the Pauli exclusion principle, 
no two electrons can occupy predsely 
the same state. The two electrons in a 
helium atom, lying in their lowest ener- 
g>' state, distinguish themselves by ori¬ 
enting their “spins" in opposite direc¬ 
tions. An external magnetic field, how¬ 
ever, tends to force ihe spins to align, 
which would put the twn electrons in 
the same quantum state. So, theory' pre¬ 
dicts, one electron must jump to a high¬ 
er energy' level. 

To conduct the experiment on real at¬ 
oms, workers w^ould have to use a mag¬ 
net that would generate an external fidd 
of about 400,000 teslas. Even the sun 
does not produce such a might>^ field. 
The superconducting magnets used in 
magnetic resonance imaging typically 
create fields of about 0.5 to 1.5 teslas. 
In an artificial atom, Ashoori notes, a 
field of less than two teslas suffices to 
make an electron jump to a new energy' 
level. Using quantum dots, physicists 
may also be able to probe much more 
rigorously such unusual phenomena as 
quantum chaos and the quantum Hall 
effect. 

Customizing quantum dots is also a 
possibility'. “The nice thing is," Stormer 
comments, “you can make any kind of 
artifidal atom—long, thin atoms and big, 
round atoms.” Then, one can string to^ 
gether many of these quantum dots, ae- 
ating an artificial molecule. The artifidal 
molecules can in turn be joined to make 
artificial solids—an intriguing prospect 
to many physicists. “What is driving 
the excitement,” Kastner explains, “is 
the hope that there is something there 
we didn't expect.” —Philip Yam 


Were Four Corners Victims Biowar Casualties? 

C ould a mysterious disease that has taken at least 16 lives in the Four 
Corners region of the Southwest since this past May be related to the 
U.S. biological warfare program? In june, federal and state investigators 
blamed the outbreak on hantaviruses. Although hantavirus-related illnesses 
were unknown in the U.S. before this year, they have been studied by mili¬ 
tary and civilian researchers since the I 950s, when U.S. troops fighting in 
Korea became infected with a fluUke disease that attacks the kidneys. 

The virus, named after Korea's Hantaan River, is carried by rodents and is 
transmitted by airborne particles of the feces or urine of infected animals. 
The Four Corners illnesses were almost certainly caused In this way, asserts 
C. Mack Sewell, an epidemiologist for the state of New Mexico, who notes 
that the virus had previously been detected in deer mice in the area. 

Rumors have nonetheless persisted among Native Americans and others 
in the Four Corners region that Fort Wingate, an army base near the epicen¬ 
ter of the epidemic, was somehow involved. In June, Senator Jeff Bingaman 
of New Mexico queried the Pentagon about possible biological warfare ac¬ 
tivities at the base. The Pentagon acknowledged that the fort was once used 
as a storage depot for chemical weapons but denied that biological weapons 
were ever held or tested there. 

Yet Fort Wingate has served as a target site, or “impact zone,” for missiles 
launched from other military bases, according to a former congressional in¬ 
vestigator who requested anonymity. One possible launch site is the Dug- 
way Proving Grounds in Utah, several hundred miles to the north. The army 
has conducted experiments at Dugway with both chemical and biological 
agents for decades. Dugway earned notoriety in 1968 when a jet aircraft 
from the site accidentally released nerve gas over a nearby ranch and killed 
thousands of sheep. 

The investigator suggests that tests Initiated at Dugway may have infect¬ 
ed the Fort Wingate region with biological agents years ago. The epidemic 
may then have been triggered by demolition or other disturbances related to 
the decommissioning of Fort Wingate early this year. 

There is also reason to doubt that all the Four Corners illnesses stemmed 
from hantavirus, the investigator notes. Fewer than half of the victims tested 
positive for hantavirus. Moreover, deaths were attributed not to kidney fail¬ 
ure—the usual outcome of hantavirus infection-but from hemorrhaging of 
the lungs. Congress recently appropriated S6 million for a study of the Four 
Corners outbreak. 

Whatever the conclusions of the study, the suspicion engendered by the 
incident shows the need for greater openness withirn-and perhaps demili¬ 
tarization of—the biological defense program, argues Leonard A. Cole of 
Rutgers University, an authority on the history of biological warfare. “It 
would be in the army's interest to eliminate the conspiratorial attitude to¬ 
ward these outbreaks," he points out. This year. Congress required the De¬ 
partment of Health and Human Services to examine the feasibility of shift¬ 
ing some biological defense research from the army to the National insti¬ 
tutes of Health. —John Morgan 
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Insects Are Forever 

Staying power, not flower 
power, made bugs diverse 

A nyone who has ever shared an 
apartment with cockroaches has 
J. A. suspected as much, but now it’s 
official: insects almost never go away. 
After surveying the fossil literature, tw'O 
researchers have concluded that at the 
family level, insects have shrugged off 
catastrophes that exterminated fragile, 
dainty creatures—such as the dinosaurs. 
“Because of the low rate of extinction, 
you have insect lineages that are very 
long lived, approaching 100 milhon 
years in some cases,'* notes Conrad C. 
Labandeira, one of the new study's au¬ 
thors and a paleoenlomologist at the 
National Museum of Natural History of 
the Smithsonian Institution, fhat fami¬ 
ly durability^ seems to explain why bugs 
are so numerous and varied today. 

By almost any standard, insects arc 
phenomenally successful, 'fhey were 
the first animals to invade the land 
and, later, the air. TJiey are the most di¬ 
verse group, too: by some estimates, 
about 876,000 insect species have been 
identified, and entomologists believe a 
full tally would be in the millions. {By 
comparison, taxonomists know of only 
about 4,000 mammal species.) Accord¬ 
ing to Douglas Futuyma, an expert on 


insect evolution at the State University^ 
of New York at Stony Brook, insects' 
success has often been attributed to 
a presumably exceptional talent for 
becoming new species. Agricultural sci¬ 
entists know, for example, that insects 
can readily evolve new traits, such as 
resistance to pesticides. Some experi¬ 
ments also suggested that specific groups 
of insects, such as the fruit Hies in the 
Hawaiian Islands, also diverged into 
separate species very quickly. 

But the report recently appearing in 
Science indicates that adaptability may 
have been less important for insects 
than sheer, stubborn endurance. Since 
the niid-1980s, Labandeira and J. John 
Sepkoski, Jr., of the University of Chica¬ 
go have been searching the fossil record 
for evolutionary patterns in insect diver¬ 
sity and survival. They note that many 
scientists have assumed that insects do 
not fossilize well. “There's been this 
received wisdom that because insects 
aren't durably calcified like mollusks or 
the bones of vertebrates, there wouldn't 
be much of a fossO record,'' Labandeira 
remarks. In fact, the literature from old 
German, Russian and Chinese sources 
w^as rich enough for Labandeira and 
Sepkoski to gather information about 
1,263 extinct and extant insect fami¬ 
lies. Only about 825 families of four- 
legged animals {vertebrate tetrapods) 
have been documented as fossiJs. 

Those data demonstrated that fami¬ 


lies of insects rarely disappeared, even 
when other animal groups were perish¬ 
ing en masse. The researchers found, for 
example, that 84 percent of the insect 
families living 100 million years ago, 
during the Cretaceous period, are also 
present today. In contrast, only 20 per¬ 
cent of the Cretaceous tetrapod families 
are still around. The mass extinctions 
at the end of the Cretaceous destroyed 
about one quarter of the tetrapod fami¬ 
lies (including all ihe dinosaurs), but the 
effect on insects was negligible. Indeed, 
the only extinction event that had a 
major impact on insect diversity was 
the huge one at the end of the Permian 
period, 250 million years ago. It wiped 
out 65 percent of the insect families 
then living, probably because nearly all 
vegetation died at the same time. 

labandeira and Sepkoski's findings 
do not contradict the possibility of rap¬ 
id speciation in insects. Labandeira says 
that, if anything, long-term survivorship 
of families and rapid turnover of species 
may go hand in hand. Because great¬ 
er species diversity promotes the sur¬ 
vival of a family and surviving groups 
have more opportunities to diversify, 
the trend is self-perpetuating: nothing 
succeeds like success. 

To the surprise of some biologists, La¬ 
bandeira and Sepkoski also ol3served 
that the appearance of llowering plants, 
or angiosperms, 125 million years ago 
did not cause a burst of insect diversi¬ 
ty, “As a matter of fact, the rate of di¬ 
versification abated," labandeira em¬ 
phasizes. That finding w^as unexpected 
because insects and flow^ering plants 
often live in intimate, species-specific 
associations. 

One explanation, the researchers pos¬ 
it, is that the evolutionary effects of the 
angiosperms might have been invisible 
to their study: the diversity^ they pro¬ 
moted might have been at the species 
rather than the family level. And Futuy¬ 
ma notes that the order Lepidoptera 
(butterflies and moths) is underrepre¬ 
sented in the fossil record. Because lep- 
idopteran insects have some of the clos¬ 
est associations with flowering plants, 
he thinks their absence might disguise 
some diversification. 

Yet Labandeira and Sepkoski also of¬ 
fer the theory' that for insects, the angio¬ 
sperms were not very novel challenges. 
They discovered that most types of 
mouthparts found in modem insects 
were present 100 million years before 
angiosperms evolved, bisects that were 
already dining on gyiimospenns, coni¬ 
fers and other seed plants did not need 
radical adaptations to take advantage 
of the new flora. "We live in an angio- 
sperm-dominated world," Labandeira 
reflects. “It's hard for us to picture how 



FOSSILS OF INSECTS suggest that their taxonomic families are highly resistant to 
extinction, which may explain why insects are so diverse today^ This snake fly fossil 
from a limesione deposit in Brazil is 120 million years old. 
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well insects thrived in a world with dif* 
ferent vegetatiorL" 

He and Sepkoski end their paper with 
a warning that humanity's extensive de¬ 
forestation efforts might trigger a calam- 
itGUS loss of insect diversity. That state¬ 
ment might seem paradoxical, giv^en in¬ 
sects' historical resilience. Labandeira 
acknowledges that it was more of a cau^ 
tionary speculation than an analysis and 
that “anything that's happening today 
may be mild compared with what hap¬ 
pened during the late PermiarL" Still, 
some insect groups are highly impor¬ 
tant to ecosystems, and deforestation 
can eliminate them ruthlessly. If hardy 
insect clans are suffering, other fauna 
and flora may be even more debilitat¬ 
ed. Think about that the next time you 
reach for a flyswatter. —John Rennie 


Goldilocks Cosmology 

Theorists toss another 
ingredient into the cosmic recipe 

A t times, the story' of modern cos¬ 
mology sounds oddly like the 
L tale of Goldilocks and the three 
bears. Some theorists have proposed 
that the mass of the universe is domi¬ 
nated by fast-moving invisible panicles 
known as hot dark matter; others fa¬ 
vor a universe dominated by sluggish 
cold dark matter. In either case, the un¬ 
seen material helps to explain how' large 


structures (such as galaxies and clusters 
of galaxies) emerged from the hot, ex¬ 
panding mass that existed after the big 
bang. But neither kind of dark mailer 
seems entirely able to account for the 
observed organization of the cosmos. 
A number of researchers are therefore 
exploring a third scenario in which the 
universe contains a nearly even blend 
of hot and cold dark matter. And in 
good Goldilocks fashion, they argue 
that such a mix may work “just right." 

Cosmologists have tended to shy 
away from mixed dark matter models, 
in part because “the subject Is often 
guided by aesthetic simplicity. Most peo¬ 
ple thou^t mixed dark matter was very 
ugly," reflects Nick Kaiser of the Insti¬ 
tute for 'Hieoretical Astrophysics at the 
Llniversity^ of Toronto. Kaiser and his co¬ 
workers Roberl A. Malaney and Glenn 
D. Starkman think they have addressed 
such reservations by finding an attrac¬ 
tive w^ay to create two kinds of dark 
matter thremgh a single mechanism. 

tn a recent paper in Physical Re¬ 
view Letters, the researchers envision a 
universe that initially contained a pop¬ 
ulation of massive neutrinos, neutral 
particles that barely interact with nor¬ 
mal matter. Physicists commonly as¬ 
sume that neutrinos have no mass, but 
mounting evidence suggests otherwise. 
Kaiser and his collaborators propose 
that the massive neutrinos could have 
decayed in such a way as to stimu¬ 
late the formation of slow-moving (and 
hence “cold" in cosmological parlance) 


dark matter particles. The workers call 
this mechamsm “neutrino lasing,” by 
analogy to the stimulated creation of 
photons of light in a conventional 
laser. The heavy neutrinos themselves 
decay into lighter, high-speed particles 
(possibly another form of neutrino) that 
constitute a component of hot dark 
matter. In tins way, a single, fairly ele¬ 
gant set of events can account for the 
existence of two separate components 
of dark matter. 

Neutrino lasing occurs at such high 
energies that “it could be very very dif¬ 
ficult indeed” to devise a laboratory test 
to prove the existence of the phenom¬ 
enon, Kaiser admits. “ What we are pre¬ 
senting here is a new piece of physics," 
he explains; now it is up to the particle 
physicists to find a place for it In the 
broader context of their theories. 

Even if the idea does not pan out, neu- 
Irino lasing Is far from the only way to 
create mixed dark matter. “There are 
lots of more mundane ways to do it," 
says Robert K. Schaefer of the Bartol 
Research Institute at the University of 
Delaware. Indeed, from a particle phys¬ 
ics point of view, “it'.s sort of natural" 
to have both hot and cold dark matter, 
he says. Schaefer sees great promise in 
two-componeni dark matter cosmologi¬ 
cal models. New observations have com¬ 
peting models “scrambling after data 
points," he claims, whereas the latest 
findings are “settling more and more 
toward mixed dark matter." 

Some cosmologists still object to the 
notion of mixed dark matter on aesthet¬ 
ic grounds. “IVe seen people get up af¬ 
ter talks and say, 'This is the ugliest 
model IVe ever seen'—there's no scien¬ 
tific rationalization," Schaefer reports, 
Jeremiah P. Ostriker of Princeton Uni¬ 
versity agrees that the lack of simplicity 
is a poor argument against mixed dark 
matter models. “Who's to say that na¬ 
ture will be simple? Biological systems 
are a mess," he laughs. 

Ostriker objects to the simplest mixed 
dark matter models for a very differ¬ 
ent reason: in his opinion, “they don't 
„ w'ork." Astronomical observations re- 
I veal that galaxies and quasars existed 
g within a couple of billion years after the 
I big bang and large clusters of galaxies 
o not long thereafter. Mixed dark matter 
I cosmologies cannot readily explain how 
I such objects could have formed so soon 
Q after the big bang, 

z Kaiser readily concedes that difficulty' 
I but thinks the various bits of evidence 
t indicating at what era large galaxy clus- 
I ters began to form remain equivocal. 
^ “You pay your money, and you take 
your choice," as he puts it. Ostriker, in 
contrast, feels the Inability of mixed 
dark matter to account for the appear- 



CLUSTERS OF GALAXIESt such as this one in the consteliation Hercules, may have 
assembled under the gravitational coercion of vast clumps of unseen dark matter. 
Bm the simplest dark matter models do not match the observed cosmic structure. 
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ance of the early universe means “it is 
probably not correct.*' 

Mixed dark matter represents only 
one of a number of theoretical tweaks 
that cosmologists are using to fine- 
tune their models to fit the observa¬ 
tions. Some workers posit that cosmic 
strings—hypothetical, extremely dense 
defects in the structure of space left 
over from the first moments of crea¬ 
tion—could have acted as seeds around 
which galaxies formed. Other theories 
invoke alternative but equally hypo¬ 
thetical mechanisms for creating dense 
structures very early in the history of 
the universe. 

Each time new data come in, Ostriker 
notes, the easiest thing to do is “just add 
another epicyde*' to existing cosmolog¬ 
ical theory. Mixed dark matter adds one 
layer of complexity^ to the previous mod¬ 
els, most of which incorporated cold 
dark matter alone. "But nature could be 
nasty; there could be cold dark matter, 
hot dark matter plus strings,” Ostriker 
muses. Or the universe could be far 
simpler than most astronomers imag¬ 
ine. Despite many daims to the con¬ 
trary, Ostriker maintains that there is 
still no solid evidence for exotic dark 
matter. If such dark matter does not ex¬ 
ist, then one could build a model “based 
on hydrogen, tables and chairs—stuff 
we know about,” he comments. 

The joy of speculating about the early 
history of the universe—as well as the 
frustration—is that the possibilities are 
nearly endless. Goldilocks had but three 
bowls of porridge to sample. Only the 
human imagination limits the menu of 
cosmology . —Corey S. Powell 


Sausage Factory 

How Congress passes 
the pork to Back-Home U, 

B ack in 16th-century' England, when 
livestock grazed on a common, 
farmers would identify^ their swine 
by special marks on the animals* ears. 
In 20th-century America, earmarks of a 
different kind are increasingly being 
used to distribute federal pork to col¬ 
leges and universities. 

An investigation conducted by Con¬ 
gressman George E. Brown, Jr., of Cali¬ 
fornia, chairman of the House Commit¬ 
tee on Science, Space and Technology, 
shows that during the 1980s the prac¬ 
tice of cajoling Congress into support¬ 
ing academic projects that had not 
been requested by the executive branch, 
subjected to competitive review or scni- 
ttnized by any^ congressional authoriz¬ 
ing committee grew to majestic propor¬ 


tions—at least by university standards. 

A select but expanding group of col¬ 
leges now routinely taps federal funds 
by lobbying influential members of Con¬ 
gress to insert special provisions, ear¬ 
marked to fund specific projects, into 
the appropriations bills and reports for 
federal agencies. More than $700 mil¬ 
lion so earmarked was appropriated in 
1992. In 1980 the total was $11 mil¬ 
lion. Brown points out that individual 
earmarked appropriations ranged in 
value from a few hundred thousand 
dollars to more than $40 million this 
past year. 

In general, authorizing committees in 
Congress approve the overall direction 
of agencies* spending, and then appro¬ 
priations committees vote the funds to 
he used. But by sliding in an earmarked 
provision at a late stage in ±e appropri¬ 
ation process—often in the conference 
committee, which reconciles House and 
Senate versions of a bill—a member can 
secure funds for a project that might 
not survive a measured consideration. 

Brown complains that the practice 
“destroys rational efforts to set priori¬ 
ties tied to national needs** and "fails 
to protect the taxpayers* investment.** 
Many unreviewed allocations, he notes, 
were forced onto unwilling federal agen¬ 
cies that consequently had little choice 
but to spend the money or risk a con¬ 
frontation. In this way, the Department 
of Energy was pushed into building 
hospitals, for example, and the Federal 
Aviation Administration was directed to 
spend $30 milMon this past year on an 
“airway science” program that it would 
like to terminate. 

Although less than 5 percent of high¬ 
er education institutions receive ear¬ 
marked funds, BrotMi*s “just say no** 
campaign faces an uphill battle. The 
number of universities retaining lob¬ 
byists in Washington—at fees of up to 
$60,000 a month, according to Brown's 
staff—is escalating. Brown found that 
21 out of 50 academic institutions that 
received allocated funds in fiscal 1993 
had employed registered lobbyists the 
previous year. Moreover, the same 
schools keep showing up time and again 
in the chow line. Thus, eight of the top 
10 recipients in 1992 were among the 
top 20 between 1980 and 1992. Iowa 
State University, the University of Alas¬ 
ka, Oregon Health Sciences University 
and Louisiana State University head the 
list of all-time winners. 

Martin C. Jischke, president of Iowa 
State, says the earmarked projects at his 
unh^ersity, which indude a center for ad¬ 
vanced technology development and an 
experimental food irradiation facility, are 
“important and defensible.” Moreover, he 
asserts, “there was no competitive fed¬ 


eral program to which we could apply.” 

Other recipients of unreviewed tar¬ 
geted funds responded to Browris sur¬ 
vey by saying they as lesser Lights in the 
scholastic firmament would be unable to 
compete withbener-estabUshed schools. 
But that plea does not stand up in most 
cases. Many of the institutions that re¬ 
ceive the largest of such allocations fall 
in the top 25 percent of recipients of 
peer-reviewed research grants from the 
National Science Foundation, according 
to Brown's staff. 

Redpients insist on their right to lob¬ 
by CoT]gress and point out that be¬ 
cause some funds are “leveraged*—that 
is, the instirntion itself provides funds 
to match the federal dollars—they repre¬ 
sent cost-effident federal spending. But 
many such funds are not lev^eraged. And 
the contention that they send federal dol¬ 
lars to poor states is contradicted by 
another of Brown’s findings. What many 
redpients have in common, Brown*s 
study shows, is a senator or congress¬ 
man in an influential position on an ap¬ 
propriations subcommittee. 

Some political tides may be flowing in 
Brown*s favor. Congressman William H. 
Natcher of Kentucky, the new chairman 
of the House Appropriations Commit¬ 
tee, has set his cap firmly against ear¬ 
marking funds for academic groups. 
And as budgets get tighter, members 
of authorizing committees in the House 
are becoming increasingly sensitive to 
the threat that such appropriations 
pose, observes Peter Smith of the Asso- 
dation of American Universities. 

But universities themselves seem to 
find it hard to speak with one voice 
on the subject. In 1987 members of 
the association, which represents ma¬ 
jor research institutions, voted 43 to 
10 to observe a moratorium on seek¬ 
ing earmarked funds. Since then, sev¬ 
eral members who voted in favor of 
the moratorium have “slipped” and 
now accept earmarked money, Smith 
says. —Tim Beardsley 

“ Pollution, Pollution.. 

Federal air standards permit 
dangerous particulate levels 

I t's enough to make Tom Lehrer sit 
down at the piano again. Findings 
from a recent study indicate that 
loopholes in government standards have 
let one of the most harmful forms of 
air pollution become a dangerous fact 
of everyday urban life. 

The smdy, presented at the annual 
meeting of the American Lung Associa¬ 
tion by C. Arden Pope, a visiting sdentist 
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at the Harvard School of Public Health, 
measured the effects of air pollution on 
residents in sixU.S. cities. Pope found a 
26 percent higher risk of premature 
death in the diy most polluted with am¬ 
bient particles as compared with the 
least polluted city surveyed. The work¬ 
ers also noted “robust assodations'' be¬ 
tween chronic exposure to airborne par¬ 
ticulate matter and increased mortality. 

As disturbing as the results is the fact 
that the air in all six cities carried parti¬ 
cles whose density per volume of atmo¬ 
sphere was well below legal thresholds. 
The current Environmental Protection 
Agency regulations mandate that densi¬ 
ty of particles less than 10 microns in 
diameter shall not exceed 150 micro- 
grams per cubic meter of air during a 
24-hour f>eriod. The Harvard data corre¬ 
late morbidity and mortality statistics 
with the presence of partides one quar¬ 
ter the size spedfied in the epa regula¬ 
tions. The density of such particles did 
not on average exceed one third that 
specified by the epa benchmark. 

The Harvard team culled its statistics 
from an analysis of SJll residents in 
the six cities, whom it foUowed for 14 
to 16 years. Pope, who came from 
Brigham Young University to partici¬ 
pate in the Six Cities Study, says the 
conclusions point toward fine particles 
and partides from the combustion of 
fossil ftiels as the most pernicious air 
pollutants. 

Such pollutants include carbon, hy¬ 
drocarbons, dust, acid aerosols and sul¬ 
fates. Common respiratory problems 
that can develop from exposure to these 
pollutants are chronic obstructive pul¬ 
monary disease, cardiovascular disease 
and asthma. 

“If you ask the average layperson, 
these results would probably come as 
no surprise, but it has taken a while 
for science to catch up with common 
sense, “ says Alfred Munzer, president of 
the American Lung Association (ALA). 
“This is the first time that we have 
hard data to show not just the morbid¬ 
ity caused by particle pollution but the 
increase in mortality^ as well." 

A 1992 report by Joel Schwartz, an 
epidemiologist at the epa, and Douglas 
W. Dockerys of Harvard, who also contrib¬ 
uted to the Six Cities Study, estimated 
that respirable particles may cause some 
60,000 premature deaths in the li.S. 
every' year. Previous accounts compiled 
by Ptipe, Schwartz and Dockery have 
linked death rates and particulate pollu¬ 
tion levels around the country' for 
decades. Critics argued that these stud¬ 
ies did not adequately control for indi¬ 
vidual risk factors, such as tobacco 
smoking, and so did not warrant reme¬ 
dial legislation or regulatory actioiL 



PARTICLE MONITOR^ which neighbors a midtown Manhattan bus slop, was moved 
back from the curb in 1990 to meet site criteria of the Environmental Protection 
Agency, In its previous position, the equipment consistently collected fine particle 
levels from diesel exhaust far exceeding federal standards. 


But the Six Cities Study directly ad¬ 
dressed such factors. The findings have 
forced doublers out of that defensive 
ditch. Indeed, the statistics have prompt¬ 
ed the ALA to announce that it intends 
to file suit against the epa to demand a 
timely review of pohey regarding parti¬ 
cle pollution. “ It is imperative that we 
revise our standards, particularly when 
it comes to panicles," Munzer says. 

The EPA has not review'ed its stan¬ 
dards for particulate matter since 1987, 
even though the Clean Air Act of 1970 
requires it to do so every^ five years. 
Schwartz, who was one of the first epi¬ 
demiologists to document the dangers 
of particles, is frustrated with the de¬ 
lay. He notes that tpa officials have tar¬ 
geted 1999 as the earliest possible date 
for a policy change regarding partiatlate 
matter. “I think the difference between 
reviewing particle standards at Thanks¬ 
giving 1999 and Christmas 1999 is more 
imp(]rtant than all the other regulations 
the EPA plans to put out between now 
and then," he emphasizes. 

EPA officials say they are moving as 
fast as they can. "We have planned to 
set up an expedited schedule to review 
particle standards,” says Robert D. Bren¬ 


ner, chief of policy for the epa's Office 
of Air Pollution. "Now we know that 
there is a serious particulate problem, 
but that doesn’t necessarily tell you 
how to set the standards," he cautions. 
Schwartz points out that to speed the 
review process, funds and workers 
would have lo be reatiocated from oth¬ 
er projects. 

One problem for scientists, both in 
academia and at the epa, is that these 
particles, no more than 10 microns in 
diameter (less than half the width of 
an average human hair), are extreme¬ 
ly difficnii to examine. They come from 
a variety^ of sources: construction work, 
cars driving over dirt and paved roads, 
wind erosion, tobacco smoke, fireplac¬ 
es and even backyard barbecues. More¬ 
over, chemical reactions catalyzed by 
sunlight create harmful particle concoc¬ 
tions that are difficult to isolate from 
other forms of air pollution. 

Or so argue the mvestigators. The 
skeptics want more proof. Some critics 
contend that a biological explanation of 
how partides cause disease or death 
must be demonstrated before the policy 
can be changed. One unanswered ques¬ 
tion is whether the particles themselves 
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cause damage or whether blame belongs 
Co the chemicals they carry deep into 
the lungs. 

Many researchers feel pohey deci¬ 
sions cannot be left up in the air un¬ 
til the biological grounds for damage 
associated with particles are pinned 
down. Munzer hopes the threat of an 
AI-A lawsuit will put pressure on the epa 
to make a change soon. “These things 
usually work, but it shouldn’t be nec¬ 
essary,” he laments. “The process for 
induing scientific progress in public 
policy needs to be a much more rap¬ 
id one." —Kristin Leutwyhr 

Unraveling Alzheimer’s 

A major cause of the disease 
yields to researchers 

W orkers at the Duke University 
Medical Center have identified 
what seems to be a critical fac¬ 
tor in the development of Alzheinicr's 
disease, the degenerative brain disorder 
that afQicts four million people in the 
U.S. The factor may be associated with 
about 80 percent of the cases of the ill¬ 
ness. Identification of the factor, a form 
of a gene responsible for the manufac¬ 
ture of a lipoprotein, has been con¬ 
firmed by 10 other laboratories. 

The Duke researchers—Margaret A. 
Pericak-Vance, Ann M. Saunders and 
Allen IX Roses, among others—have 
found a strikingly dear association be- 
tw^een the onset of Alzheimer’s and a 
particular variant of a gene that codes 
for a known blood protein, apohpopro- 
tein E. The suspect gene, APOE-e4, can 
be detected with a test that is already 
widely used for diagnosing a serious 
cholesterol-transport disorder* 
Investigators had previously discov¬ 
ered in a few cases of the relatively rare 
early-onset form of Alzheimer's a muta¬ 
tion in the gene responsible for the pro¬ 
duction of amyloid beta-protein, which 
is deposited in the brains of patients. 
Some other cases appeared to be linked 
to a different unknown gene. But these 
findings had not seemed relevant to 
the majority of patients. 

The first clue that a variant of the apo- 
lipoprotein E gene might be involved 
fell to a group in Roses's laboratory led 
by Warren J* Strittmatter, They found 
last year that apolipoprotein E binds to 
the beta-amyloid deposited in the brain 
of patients suffering from Alzheimer’s, 
The gene for apolipoprotein E is on 
chromosome 19. Pericak-Vance had just 
identified some cases of Alzheimer’s in 
families in which the disease was inher¬ 
ited along with the section of chromo¬ 


some 19 that includes the apoMpopro- 
tein E gene. 

Roses's group immediately started 
studying apolipoprotein E. The payoff 
was not long in coming. Saunders dis¬ 
covered that patients in families afflict¬ 
ed with Alzheimer's are more likely 
than are other people to have the par¬ 
ticular form of the apt>l!poprotein E 
gene knovm as APO£-e4, 

In August, Saunders published a 
confirming report in Naurology that 
the association holds in so-called spo¬ 
radic cases, in which there are no other 
affected family members. Other work¬ 
ers have found evidence of the asso¬ 
ciation in autopsied patients, in living 
patients and in pilot epidemiological 
surveys. “Until this, there hadn't been 
a lot of progress since Alois Alzheim¬ 
er found plaques and tangles in the 
brains of his patients in 1907,” Roses 
comments. 

“This is a major finding. It's not only 
right, it’s important, too,” remarks John 
A. Hardy of the University of South 
Florida, “All the papers suggest that 
having one APO£'-e 4 gene increases 
your risk of Alzheimer’s threefold to 
fourfold and that people with two 
APO£-e 4 genes are very likely to devel¬ 
op Alzheimer’s,'’ About 15 percent of 
the U.S. population has one APO£-e 4 
gene and are thus at elevated risk. Be¬ 
tween 1 and 1.5 percent of the elderly 
has two such genes, and Roses has 
found that they tend to acquire Alz¬ 
heimer’s earlier than do people vrith 
one APOE-eA gene. 

Although nobody is sure exactly why 
APOE-z4 makes the development of 
Alzheimer’s more likely, Roses says he 
has definite ideas, whose therapeutic 
potential he plans to pursue. Dennis J. 
Selkoe, an Alzheimer’s researcher at 
Harvard University^ and founding scien¬ 
tist of Athena Neurosciences, a South 
San Francisco biotechnology company, 
suggests an explanation. He speculates 
that the protein made by APOE-e 4 inter¬ 
feres with the removal of amyloid beta- 
protein from the brain. Or possibly, 
Selkoe says, the apolipoprotein encour¬ 
ages deposition of the material. 

A drug that inhibited the interaction 
of the two proteins might slow down 
or eliminate whatever goes wrong in 
Alzheimer's, according to Ivan Lieber- 
burg of Athena, lieberburg has dis¬ 
cussed a collaboration on a therapeutic 
approach with Roses’s group. The need 
for therapies is urgent. The only exist¬ 
ing drug for Alzheimer’s, Warner-Lam¬ 
bert's Cognex, which the Food and Drug 
Administration approved in September, 
benefits just a smaD proportion of pa¬ 
tients, points out Mark J. Alberts, a Duke 
researcher. Cognex inhibits an enzyme 


that, in turn, destroys acetylcholine, an 
important neurotransmitter that is in 
short supply in the brains of Alzheim¬ 
er's patients. But Cognex, whose chem¬ 
ical name is tacrine hydrochloride, 
does not slow the ceU death that caus¬ 
es the shortage. Other approaches to 
therapy now under investigation share 
this Limitation. 

Until the hope for a satisfactory ther¬ 
apy is realized, the findings raise an 
ethical problem that has previously 
emerged only in the context of rarer 
conditions, such as Huntington's dis¬ 
ease. To wit, should researchers tell 
those who ask whether they have the 
predisposing gene? The millions of 
people in the U.S. with two APO£-e 4 
genes appear to have a risk for Alz¬ 
heimer’s of more than 80 percent, ac¬ 
cording to Roses’s and others' data. 
Learning that such a fate was probably 
in store could cause people great an¬ 
guish, the Duke researchers acknowl¬ 
edge. Yet already the Duke team has 
had “hundreds'’ of requests from indi¬ 
viduals who want to be tested, mainly 
relatives of Alzheimer’s patients, Saun¬ 
ders says. The group has obhged some 
of them. 

“WeTe not encouraging people to 
get tested,’' Saunders cautions. The in¬ 
vestigators fear that insurance compa¬ 
nies may want to use the test to iden¬ 
tify individuals who have the AFO£-e 4 
gene. Some insurers have already ap¬ 
proached the Duke team, Saunders 
states. 

Nobody is claiming that APO£-e 4 
is the one true cause of Alzheimer’s. 
Still, the finding could catalyze other 
breakthroughs. A worker at the Nation¬ 
al Institute of Neurological Disease and 
Stroke, who is pursuing an entirely dif¬ 
ferent line of research on the disease, 
thinks his findings could be linked to 
the Duke discovery, Daniel L. Alkon, 
who studies mechanisms of memory, 
has, together vrith Rene Etcheberrigaray 
and others, proposed in a paper in the 
Proceedings of the National Academy of 
Sciences that skin-tissue cells from Alz¬ 
heimer's sufferers have defective mo¬ 
lecular channels of a particular type. 
The channels in question move potassi¬ 
um ions across cell walls, and Alkon 
says he was able to identify accurately 
as victims of Alzheimer’s 70 individu¬ 
als by examining their fibroblast potas¬ 
sium channels. 

Alkon already has ideas about 
how aberrations causing the defective 
channels might be linked to unusual 
processing of amyloid beta-protein 
and, thus, indirectly to its binding part¬ 
ner apolipoprotein E. The mystery of 
Alzheimer’s may be slowly coming 
unraveled. —Tim Beardsley 
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PROFILE: MARVIN L. MINSKY 


The Mastermind of Artificial Intelligence 


M arvin Minsky’s ideas about the 
mind may—or may not—offer 
lasting insights. But they certain¬ 
ly reveal much about the mind of Min¬ 
sky. According to Minsky, the mind is 
not a unified entity but a “society" of el¬ 
ements that both complement and com¬ 
pete with one another. Minsky’s empha¬ 
sis on multiplicity seems to transcend 
science; he views single-mindedness 
with a kind of horror. “If there’s some¬ 
thing you like very much, 
then you should regard this 
not as you feeling good but 
as a kind of brain cancer," 
he e?q)lains, “because it means 
that some small part of your 
mind has figured out how 
to turn off all the other 
things," 

Minsky even recoils at the 
tendency of ordinary mortals, 
once they have invested the 
time in learning to do some¬ 
thing, to keep doing it. To 
counter this trait, which he 
calls the investment principle, 

Minsky has trained himself 
to “enjoy the feeling of awk¬ 
wardness" aroused by con¬ 
fronting an entirely new proff 
lem. “It’s so thrilling not to 
be able to do something," he 
remarks. 

This credo has served Min¬ 
sky well in his role as a 
founding father of artificial 
intelhgence. CaUed AI by in¬ 
siders, the held is dedicated g 
to the proposition that brains | 
are nothing more than ma- 5 
chines, albeit extremely com- « 
plicated ones, whose abilities 
will someday be duplicated 
by computers. In pursuit of 
the goals of Al, Minsky, who 
turned 66 in August, has 
drawn on computer science, robotics, 
mathematics, neuroscience, psychology, 
philosophy and even science fiction. His 
ideas have in turn influenced all these 
fields as well as AI itself. Colleagues 
were scheduled to honor him on Octo¬ 
ber 18 at the Massachusetts Institute of 
Technology, from which he has ruled 
the Al roost for more than 30 years. 

But the same traits that made Minsky 
a successful pioneer of AI have led him 


to become increasingly alienated from 
the field as it matures. Before my meet¬ 
ing with Minsky, in fact, other Al work¬ 
ers warn me that he might be somewhat 
cranky; if I do not want the interview 
cut short, 1 should not ask him too di¬ 
rectly about the current slump in AI or 
what some workers characterize as his 
own waning influence in the field. One 
prominent theorist pleads with me not 
to take advantage of Minsky’s pen¬ 


chant for hyperbole, “Ask him if he 
means it, and if he doesn’t say it three 
limes, you shouldn’t use it," the theo¬ 
rist urges. 

Minsky is rather edgy when I meet 
him in his office at the Artificial Intelli¬ 
gence laboratory. He fidgets ceaseless¬ 
ly, blinking, waggling his foot, pushing 
things about his desk. Unlike most sci¬ 
entific celebrities, he gives the impres¬ 
sion of conceiving ideas and tropes from 


scratch rather than retrieving them from 
memory. He is often but not always in¬ 
cisive. “!’m rambling here," he says 
glumly after a riff on the nature of veri¬ 
fication in Al collapses in a heap of sen¬ 
tence fragments. Even his physical ap¬ 
pearance has an improvisational air. His 
large, round head seems entirely bald 
but is actually fringed by hairs as trans¬ 
parent as optical fibers. He wears a cro¬ 
cheted belt that supports, In addition to 
his pants, a belly pack and a holster 
containing pliers with retractable jaws. 
With his paunch and vaguely Asian fea¬ 
tures, he resembles a high- 
tech Buddha. 

Minsky is unable, or unwil¬ 
ling, to inhabit any emotion 
for long. Early on, as predict¬ 
ed, he plays the curmud¬ 
geon, His only rival in grasp¬ 
ing the mind's complexity is 
dead: “Freud has the best 
theories so far, next to mine, 
of what it takes to make a 
mind,” Minsky declares. If AI 
has not progressed as fast 
as it should have, that is be¬ 
cause modern researchers 
have succumbed to “physics 
envy"—the desire to reduce 
the intricacies of the brain to 
simple formulae—and to the 
dreaded investment principle. 
“They are defining smaller 
and smaller subspecialties 
that they examine in more 
detail, but they’re not open to 
doing things in a different 
way." Even M.I.T.’s own Al lab, 
which he founded, is guilty. 
“I don’t consider this to be a 
serious research institution 
at the moment," he sneers. 
But a metamorphosis oc¬ 
curs when, louring the AI lab, 
wc stop to chat with some re¬ 
searchers in a lounge. Minsky 
engages in amiable shop talk 
about chess-playing comput¬ 
ers. He then recounts how the science 
fletionist Isaac Asimov, who just died, al¬ 
ways refused Minsky’s invitations to 
see the robots being built at M.I.T. out 
of fear that his imagination "would be 
weighed dow^n by this boring realism." 

One lounger, noticing that he and 
Minsky have the same pliers, yanks his 
instmment from its holster and with a 
flick of his wrist snaps the retractable 
jaws into place. "En garde," he says. Min- 



MINSKY poses with a cotnponem from a nettrof-nerwork 
“learning machine” that he and a colleague built in 1951. 
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sky* grinning, draws his weapon, and 
he and his challenger whip their pliers 
repeatedly at each other, like punks 
practicing their switchblade technique. 
Minsky expounds on both the versatili¬ 
ty and—an important point for him— 
the drawbacks of the pliers; his pair 
pinches him during ceitain maneuvers. 
'‘Can you take it apart with itself?" 
someone asks. Minsky and his col¬ 
leagues share a laugh at this reference 
to a fundamental problem in robotics. 

Returning to Minsky's office, we en¬ 
counter a young, extremely pregnant 
graduate student. She is scheduled for 
an oral doctoral exam the next day. 
“Are you nervous? " Minsky inquires. “A 
littie,” she replies. “You shouldn’t be," he 
says and gently touches his forehead to 
hers. I realize, watching this scene, that 
there are many Minskys. 

Too many, according to Minsky. As a 
child, the son of a New York City sur¬ 
geon, he was a prodigy in both mathe^ 
matics and music. Minsky still occasion¬ 
ally finds himself composing “Bach-like 
things'—an electric organ crowds his 
office—but he tries to resist the impulse 
by convincing himself that music sup¬ 
presses thought. “I had to kill the musi¬ 
cian at some point,'* he says. “It comes 
back every now and then, and 1 hit it." 

Minsky^ started to think about think¬ 
ing—or, more specifically, about leam- 
ing—in high school. Although he re¬ 
ceived undergraduate and graduate de¬ 
grees in mathematics (from Harvard 
and Princeton universities, respectively), 
he scavenged in other disciplines for 
ideas he felt could illuminate the mind. 
In 1951 he and a colleague built a ma¬ 
chine, made of vacuum tubes, motors 
and servomechanisms, that could “learn" 
how to navigate a maze. It w'as the first 
neural network ever built. Minsk>^ fol¬ 
lowed this engmeering project with a 
doctoral thesis on automated learning. 

In 1959 he and John McCarthy—who 
is credited with having coined the term 
“artifida] intelligence”—founded what 
became the M.I.T. Artificial Intelligence 
Laboratory. McCarthy left four years 
later to fotmd his own laboratory at 
Stanford University, and since then, he 
and Minsky have had an intellecmal 
parting of the ways. McCarthy has cham¬ 
pioned AI models based on logic, where¬ 
as Minsky contends that logic requires 
predse definitions that the real world 
fails to respect. The definition of a bird 
as a feathered animal that flies, he 
points out, does not apply if the bird is 
dead or caged or has had its feet en¬ 
cased in concrete “or has been meditat¬ 
ing and dedded filing is egotistical." 

He has been even harder on neural 
networks, the technology^ he helped to 
nurture. In 1969 he and Seymour Papert 


of M.I.T. presented a detailed critique of 
a then popular neural network in a 
book entitled Perceptrom, The book is 
often said to have dealt neural net¬ 
works a nearly mortal blow; funding feR 
off rapidly, and the field languished for 
more than a decade before it slowly^ be¬ 
gan regenerating. Minsky's intention 
was not to destroy the field, as some 
observers have daimed—“Thaf s crazy,” 
he snaps—but to outline the limits of 
the technology^ 

Although Minsky^ applauds the re¬ 
cent resurrection of neural networks, he 
charges that some "semicommercial" 
researchers are not as forthcoming as 
they should be. “They write a paper say¬ 
ing, ‘Look, it did this,’ and they don’t 
consider it equally w^onderful to say, 
‘Look, it canT do that.’ Most of them are 
not doing good sdence, because they're 
hiding the deficiencies.” Minsky^ insists 
that no single approach can reproduce 
the intricades of the mind, because the 
mind itself employs many fallible meth¬ 
ods that back up and check one anoth¬ 
er. The mind, he muses, is a tractor-trailer, 
rolling on many wheels, but AI workers 
“keep designing unicycles." 

Some aspects of the mind have proved 
harder to understand or reproduce than 
Minsky expected. He confirms the often- 
told anecdote that in the early 1960s he 
assigned artificial vision, now recognized 
as a profoundly difficult problem, to a 
student as a summer project. But he 
expects all the major questions in AI to 
be solved as imaging and electrode 
techniques reveal the brain in ever 
finer detail. “Everything weVe done up 
to now I regard as like chemistry before 
Lavoisier,'’ he remarks. 

Minsky poured his thoughts about 
thinking into The Society of Mindf pub¬ 
lished in 1985. The book consists of 270 
essays, most of them only one page 
long, which range from rather technical 
discussions of neural wiring to philo¬ 
sophical excursions into the nature of 
human identity. In the book’s prologue, 
Minsky contended that the work’s at¬ 
omized strucmre reflects its major 
theme, that “you can build a mind from 
many httle parts, each mindless by it¬ 
self." “As far as I know, nobody read 
the book," Minsky grumbles. 

Minsky has nothing but contempt for 
those who believe that computers, while 
they may be able to mimic certain as¬ 
pects of human intelligence, can never 
become truly conscious. “They’re idiots," 
he fumes. (Minsky is kinder to me when 
I make the mistake of suggestiag that 
there might always be a qualitative dif¬ 
ference betw^een humans and artificial 
machines; he calls me a “racist") 

The mystery of consciousness is “triv¬ 
ial,’’ Minsky declares. “I’ve solved it, and 


I don’t understand why people don’t lis¬ 
ten." Consciousness, Minsky explains, 
involves one part of the mind monitor¬ 
ing the behavior of other parts. This 
function requires little more than short¬ 
term memory, or a “low-grade system 
for keeping records.” in fact, computer 
programs such as LISP, which have 
memory features that allow their pro¬ 
cessing steps to be retraced, are “ex¬ 
tremely consdoosMinsky asserts— 
more so than humans, who have piti¬ 
fully shallow^ short-term memories. 

like many AI practitioners, Minsky 
predicts that computers will someday 
evolve far beyond humans, who are 
nothing but "dressed-up chimpanzees.” 
Humans may be able to “download” 
their personalities into computers and 
thereby become smarter and more reli¬ 
able. This trick may yield infinite life, 
among other perks. Minsky envisions 
making copies of himself that could un¬ 
dergo experiences he would otherwise 
shun. “I regard religious experience as 
very risky, because it can destroy your 
brain. But if 1 had a backup copy—" 

Meanwhile the l/r-Mlnsky remains 
restless. Hollywood may provide one out¬ 
let for his energies. That becomes clear 
when Laurel, an administrator at the AI 
lab, sticks her head in the office to ask 
what's new. Minsky replies that the Dis¬ 
ney corporation has hired him to design 
a “magic carpet ride," based on its hit 
movie Aladdin, for one of its theme 
parks. Minsky has been working on a vir¬ 
tual-reality scheme at a laboratoiy^ Disney 
has set up for special effects. “I love 
it," Minsky says of the laboratory. “It's 
just like the AI lab used to be." 

Noting that Stephen W. Hawking, the 
English cosmologist, recently appeared 
on "Star Trek," Laurel suggests that Min¬ 
sky is well suited for playing “an alien 
genius" on the television show. Evil or 
benign? I ask. “Oh, either," Laurel replies. 
Minsky seems intrigued, but he worries 
that he may be unable to rehearse 
scenes properly. “1 can’t say the same 
thing twice,” he confesses. 

Minsky Is also working on a new 
book, The Emotion Machine. “That’s a 
person," Minsky says of the title. One 
goal of the book, he notes, is to help 
people think constructively about think¬ 
ing. “Em interested in people who are 
trying to do some work but keep watch¬ 
ing television or going to baseball 
games." The book will advise such peo¬ 
ple to make “a little block diagram’’ of 
their minds, with different, competing 
agents labeled. I try to imagine Minsk^^ 
as a self-help guru, propounding his AI- 
oriented program on “Donahue." Then, 
recalling the way he comforted the 
pregnant graduate student, I think, 
Why not? —John Morgan 
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Debate 



Debate: Does Free Trade 
Harm the Environment? 


econciling economic growth with environmental protection is one of the 
greatest challenges now facing policymakers. Unfortunately, these twin 
J. L goals are widely seen as antithetical: the prescriptions for promoting 
one often seem to discourage the other. In the following pages, two economists 
debate whether unrestricted international trade, as embodied in proposals for 
the General Agreement on Trade and Tariffs (GATT) and the North American 
Free Trade Agreement (NAFTA), will harm or help the environment. Jagdish 
Bhagwati of Columbia University argues that freeing trade from inefficient re¬ 
strictions may be the best way to achieve environmental protection while also 
safeguarding prosperity and liberty. To the contrary, insists Herman E. Daly of 
the World Bank: free trade left to itself may harm both the environment and 
human welfare. The authors offer starkly different predictions about the pos 
sibte consequences of the new trade agreements. 
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The Case 
for Free Trade 

Environmentalists are wrong to fear 
the effects of free trade. Both causes 
can be advanced by imaginative solutions 

by Jagdlsh Bhagwati 


E conomists are reconciled to the 
conflict of absolutes: that is why 
they invented the concept of trade¬ 
offs. It should not surprise them, there¬ 
fore, that the objective of enwonmen- 
tai protection shouid at times run afoul 
of the goaf of seeking maximum gains 
from trade. In fact, economists would be 
suspicious of any daims, such as those 
made by soothsaying politicians, that 
both causes would be only mutually 
benefidal. They are rightly disconcerted, 
however, by the passion and the feroci¬ 
ty, and hence often the lack of logic or 
facts, with which environmental groups 
have recently assailed both free trade 
and the General Agreement on Tariffs 
and Trade (GATT), the institution that 
oversees the world trading system. 

The environmentalists’ antipathy to 
trade is perhaps inevitable. Trade has 
been central to economic thinking since 
Adam Smith discovered the virtues of 
specialization and of the markets that 
naturally sustain it. Because markets do 
not normally exist for the pursuit of en¬ 
vironmental protection, they must be 
speciaDy created. Trade therefore sug¬ 
gests abstention from governmental in- 
terv^ention, whereas environmentalism 
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suggests its necessity. Then again, trade 
is exploited and its virtues extolled by 
corporate and multinational interests, 
whereas environmental objectives are 
embraced typically by nonprofit orga¬ 
nizations, w'hich are generally w'ary of 
these interests. Trade is an ancient occu¬ 
pation, and its nurture is the objective 
of instimtions crafted over many years 
of experience and reflection. Protection 
of the environment, on the other hand, 
is a recent preocoipadon of national 
and miernational institutions that are 
nascent and still evolving. 

Last year the environmentalists' hos¬ 
tility to trade exploded in outrage when 
an impartial GATT Dispute Settlement 
Panel ruled in favor of Mexico and free 
trade and against the U.S. and the wel¬ 
fare of the dolphin. The U.S. had piaced 
an embargo on the import of Mexican 
tuna on the grounds that the hsh had 
been caught in purse-seine nets, which 
kill dolphins cruelly and in greater num¬ 
bers than U.S. law permits* The GATT 
panel ruled, in effect, that the U.S. could 
not suspend Mexico's trading rights by 
proscribing unilaterally the methods by 
which that country' haivested tuna. 

This decision spurred ihe conserv'a- 
tionists' subsequent campaigns against 
free trade and GATT. GATT has no 
shortage of detractors, of course. In fact, 
some of its recent critics have feared 
its impotence and declared it “dead,” re¬ 
ferring to it as the General .Agreement to 
Talk and Talk. But the environmentalist 
attacks, which presume instead GATT’s 
omnipotence, are something else again. 

An advertisement by a coalition of 
environmental groups in the New York 
Times on *April 20,1992, set a new stan¬ 
dard for alarmist, even scurrilous, writ¬ 
ing, calculated to appeal to one's in¬ 
stincts rather than one's intellect. It talks 
of “faceless GATT bureaucrats” mount¬ 
ing a “sneak attack on democracy^” This 
veiled reference to Pearl Harbc]r pro¬ 


vides an example of a common tactic in 
trade controversy: Japan-bashing. The 
innuendos have continued unabated 
and are manifest in the endless battles 
in Congress over the supplemental envi- 
rt)nmental accords for the North Amer¬ 
ican Free Trade Agreement (NAFTA)* 
The hostility' is also intruding on the 
conclusion of the Uruguay Round of 
GATT talks, now in their seventh year, 
with the environmentalists opposing the 
establishment of the new Multilateral 
Trade Organization, which is meant to 
provide effeedve discipline and a nec¬ 
essary institutional structure for GATT. 

it is surely tragic that the proponents 
of two of the great causes of the 1990s, 
trade and the environment, should be 



DOLPHIN VERSUS FREE TRADE: the U.S. 
outlaws fishing methods that result in 
the death of dolphins such as this one, 
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locked in combat. The conflict is large¬ 
ly gratuitous. There are at times philo¬ 
sophical differences between the Iwo 
that cannot be reconciled, as when some 
environmentalists assert nature's au¬ 
tonomy, whereas most economists see 
nature as a liandmaiden to humankind. 
For the most part, however, the differ¬ 
ences derive from misconceptions. It is 
necessary to dissect and dLsmiss the 
more egregious of these fallacies be¬ 
fore addressing the genuine problems. 

The fear is widespread among envi¬ 
ronmentalists that free trade increases 
economic growth and that growth harms 
the environment. That fear is misplaced. 
Growth enables governments to tax and 
to raise resources for a variety^ of objec¬ 


tives, including the abatement of pollu¬ 
tion and the general protection of the 
en\irojimeni. Without such revenues, Lit¬ 
tle can be achieved, no matter how pure 
one's motives may be. 

How do societies actualy spend these 
additional revenues? It depends on how 
getting rich affects the desire for a bet¬ 
ter environment. Rich countries today 
have more groups wonying about en¬ 
vironmental causes than do poor coun¬ 
tries. Efficient pohcies, such as freer 
trade, should generally help environ¬ 
mentalism, not harm it. 

If one wants to predict what growth 
will do to the environment, however, 
one must also consider how^ it will affect 
the production of poEution. Growth af¬ 


fects not only the demand for a good 
environment but also the supply of the 
pollurion associated with growth. The 
net effect on the environment will there¬ 
fore depend on the kind of economic 
growth. Gene M. Grossman and Alan B. 
Krueger of Princeton University’ found 
that in cities around the world sulfur di¬ 
oxide pollution feu as per capita income 
rose. The only exception was in coun¬ 
tries whose per capita incomes fell be¬ 
low $5,000. In short, environmentalists 
are in error when they fear that trade, 
through growth, wiU necessarily increase 
poUution. 

Economic effects besides those attri¬ 
butable to rising incomes also help to 
protect the environment. For example, 
freer trade enables pollution-fighting 
technologies available elsewhere to be 
imported. Thus, trade in low^-sulfur-con- 
tent coal will enable the users of local 
high-sulfur-content coal to shift from 
the latter to the former. 

F ree trade can also lead to better 
environmental outcomes from a 
shift in the composition of pro¬ 
duction. .An excellent example is provid¬ 
ed by Robert C. Feenstra of the Universi¬ 
ty of California at Davis. He has shown 
how^ the imposition of restraints on Jap¬ 
anese automobile exports to the U,S. 
during the 1980s shifted the compo¬ 
sition of those exports from small to 
large cars, as the Japanese attempted 
to increase their revenues without in¬ 
creasing the number of units they sold. 
Yet the large cars were fuel inefficient. 
Thus, protective efforts by the U.S. ef¬ 
fectively increased the average amount 
of poEution produced by imported cars, 
making it more likely that poUution 
from cars would increase rather than 
diimnish in the U.S. 

Although these erroneous objections 
to free trade are readEy dismissed (but 
not so easily eliminated from public dis¬ 
course), there are genuine confEcts be¬ 
tween trade and the environment. To 
understand and solve them, economists 
draw a distinction between two kinds 
of environmental problems: those that 
are incrinsicaEy domestic and those that 
are intrinsicaEy transnational. 

Should BrazE poEute a lake lying whol¬ 
ly within its borders, the problem w'ould 
be intrinsicaEy domestic. Shf>uld it pol¬ 
lute a river that flows into Argenttna, 
the matter would take on an intrinsi- 
caEy transnational character. Perhaps 
the most important examples of trans- 
nationaJ poEution are add ram, created 
when sulfur dioxide emissions in one 
country precipitate into rain in anoth¬ 
er, and greenhouse gases, such as car¬ 
bon dioxide, which contribute to global 
w-arming wherever they are emitted. 



ensnared off the U.S, Atlantic coast. But when the U.S. attempted to apply its stan¬ 
dard to Mexico by imposing an embargo on tuna imported from that country, an 
international tribunal rejected the poEcy last year as an illegal restriction of trade. 
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Why do intrinsically domestic envl’ 
romnental questions create mternation' 
aj concern? The main reason is the belief 
that diversity in environmental stan¬ 
dards may affect competitiveness. Busi¬ 
nesses and labcjr unions worry that their 
rivals in other countries may gain an 
edge if their governments impose lower 
standards of environmental protection. 
They decry such differences as unfair. 
To level the playing field, these lob¬ 
bies insist that foreign countries raise 
their standards up to domestic ones. In 
turn, environmental groups worry that 
if such “harmonization up” is not un¬ 
dertaken prior to freeing trade, pres¬ 
sures from uncompetitive businesses 
at home will force down domestic stan¬ 
dards, reversing their hard-won victor¬ 
ies. Finally, there is the fear, drama¬ 
tized by H. Ross Perot in Ms criticisms 
of NAFTA, that factories will relocate 
to the countries whose environmental 
standards are lowest. 

But if the competitiveness issue makes 
the environmentalists, the businesses 
and the unions Into allies, the emdron- 
mentalists are on their own in other 
ways. Two problem areas can be distin¬ 
guished. First, some environmentalists 
are keen to impose their own ethical 
preferences on others, using trade sanc¬ 
tions to induce or coerce acceptance 


of such preferences. For instance, tuna 
fishing with purse'Seine nets that kill 
dolphins is opposed by environmen¬ 
tal groups, wMch consequently favor 
restraints on the importation of such 
tuna from Mexico and elsewhere. Sec¬ 
ond, other environmentalists fear that 
the rules of free trade, as embodied in 
GATT and strengthened in the Uruguay 
Round, will constrain their freedom to 
pursue even purely domestic environ¬ 
mental objectives, with GATT tribunals 
outlawing disputed regulation. 

E nvironmentalists have cause for 
concern. Not all concerns are le¬ 
gitimate, however, and not all the 
solutions to legitimate concerns are sen¬ 
sible. Worry over competitiveness has 
thus led to the illegitimate demand 
that environmental standards abroad be 
treated as “social dumping." Offending 
countries are regarded as unfairly sub¬ 
sidizing their exporters through lax en¬ 
vironmental requirements. Such implic¬ 
it subsidies, the reasoning continues, 
ought to be offset by import duties. 

Yet international differences in envi¬ 
ronmental standards arc perfectly nat¬ 
ural. Even if two countries share the 
same environmental objectives, the spe¬ 
cific pollutions they would attack, and 
hence the industries they would hin¬ 


der, will generally not be identical. Mex¬ 
ico has a greater social incentive than 
does the U.S. to spend an extra dollar 
preventing dysentery rather than re¬ 
ducing lead in gasoline. 

Equally, a certain environmental good 
might be valued more highly by a poor 
countiy^ than by a rich one. Contrast, for 
instance, the value assigned to a lake 
with the cost of cleaning up effluents 
discharged into it by a pharmaceutical 
company. In India such a lake’s water 
might be drunk by a malnourished pop¬ 
ulation whose mortality would increase 
sharply with the rise in pollution. In the 
U.S. the water might be consumed by 
few people, all of whom have the means 
to protect themselves with privately pur¬ 
chased water filters. In this example, 
India would be the more likely to pre¬ 
fer clean water to the pharmaceutical 
company’s profits. 

The consequences of differing stan¬ 
dards are clear: each countiy' will have 
less of the industry whose poUution it 
fears relatively more than other coun¬ 
tries do. Indeed, even if there were no 
international trade, we would be shrink- 
ing industries whose pollution we de¬ 
ter, This result follows from the policy 
of forcing polluters of all sliipes to pay 
for the harm they cause. To object, then, 
to the effects our negative valuation of 
pollution have on a given industry is to 
be in contradiction: we would be refus¬ 
ing to face the consequences of our en¬ 
vironmental preferences. 

Nevertheless, there is sentiment for 
enacting legislation against social dump¬ 
ing, Senator David L. Boren of Oklaho¬ 
ma, the proponent of the International 
Pollution Deterrence Act of 1991, de¬ 
manded import duties on the grounds 
that “some U,S. manufacturers, such as 
the U.S. carbon and steel alloy industry, 
.spend as much as 250 percent more on 
environmental controls as a percentage 
of gross domestic product than do oth¬ 
er countries,,,. I see the unfair advan¬ 
tage enjoyed by other nations exploit¬ 
ing the environment and public health 
for economic gain when I look at many 
industries important to my own state,” 
Similarly, Vice President A1 Gore wrote 
in Earth in the Balance: Ecology and the 
Human Spirit that “just as government 
subsidies of a particular industry are 
sometimes considered unfair under the 
trade law^s, weak and ineffectual enforce¬ 
ment of pollution control measures 
should also be included in the defini¬ 
tion of unfair trading practices.'' 

These demands betray lack of eco¬ 
nomic logic, and they ignore political 
reality as well. Remember that the so- 
called subsidy to foreign producers 
through lower standards is not given 
but only implied. According to Senator 


JAPANESE EXPORTS OF AUTOMOBILES TO THE U,S- 



-100 0 100 200 300 400 

CHANGE IN QUANTITY OF CARS EXPORTED, 1979-1982 (PERCENT) 

SOURCE: Robert C. Feenstra. Unt^sity of California, 

PERVERSE CONSEQUENCES for the environment may result from trade restrictions. 
This graph shows Japanese car exports to the U.S, before and after Japan’s acqui¬ 
escence in voluntary export restraints. Sales of small, fuel-efficient models declined, 
whereas those of the larger “gas guzzlers” soared. 
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EMPLOYMENT IN MEXICAN TUNA FISHERY may offset the sav- purse-seme nets. Countries should not be faulted for placing 
ing of dolphins that would result were the indostry to forgo human welfare ahead of concerns specific to other cultures. 


Boren, the subsidy would be calculated 
as “the cost that would have to be in¬ 
curred by the manufacturer or produc¬ 
er of the foreign articles of merchandise 
to comply with en\fronmentai standards 
imposed on U,S, producers of the same 
class of merchandise,” Anyone familiar 
lA^lth the way dumping calculations are 
made knows that the Environmental 
Protection Agency could come up with 
virtually any estimates it cared to pro¬ 
duce, Cynical politics would inevitably 
dictate the calculations, 

S tiE, there may be political good 
sense in assuaging emlronmen- 
talists* concerns about the relo¬ 
cation of factories to countries with 
lower standards. The governments of 
higher-standards countries could do 
so TOthout encumbering free trade by 
insisting that their businesses accede 
to the higher standards when they go 
abroad. Such a policy lies entirely with¬ 
in the jurisdictional powers of a higher- 
standards country. Moreover, the gov* 
ernments of lower-standards countries 
would be most unlikely to object to 


such an act of good citizenship by the 
foreign investors, 

En\4ronmentaiists oppose free trade 
for yet another reason : they wish to use 
trade policy to impose their values on 
other communities and countries. Many 
environmentalists want to suspend the 
trading rights of countries that sanc¬ 
tion the use of purse-seine nets in tuna 
fishing and of leg-hoid traps in trap¬ 
ping. Such punishments seem an in¬ 
appropriate use of state power, howev¬ 
er. The values in question are not wide¬ 
ly accepted, such as human rights, but 
idiosyncratic. One wonders when the 
opponents of purse-seine nets put the 
interests of the dolphin ahead of those 
of Mexico's people, who could prosper 
through more productive fishing. To 
borrow the campaign manifesto of Pres¬ 
ident Bill Clinton: Should we not put 
people first? 

Moreover, once such values intrude 
on free trade, the way is opened for 
an endless succession of demands. En¬ 
vironmentalists favor dolphins; Indi¬ 
ans have their sacred cows. Animal- 
rights activists, who do not prefer one 


species over another, will object to our 
slaughterhouses. 

The moral militancy of environmen¬ 
talists in the industrialized world has 
begun to disillusion their closest coun¬ 
terparts in the undeveloped countries. 
These local emfronmentalists accuse 
the rich countries of "eco-imperialism," 
and they deny that the Western nations 
have a monopoly on \drtue. The most 
radical of today’s proenvironment mag¬ 
azines in India, Down to Earthy editorial¬ 
ized recently: *'In the current world re¬ 
ality trade is used as an instrument en¬ 
tirely by Northern countries to discipline 
environmentally errant nations. Surdy, if 
India or Kenya were CO threaten to stop 
trade Mth the U.S., it would hardly af¬ 
fect tile latter. But tlie fact of the mat¬ 
ter is that it is the Northern countries 
that have the greatest [adverse] impact 
on the world’s environment." 

If many countries were to play this 
game, then repeated suspensions of 
trading rights would begin to undermine 
the openness of the trading system and 
the predictabiliw stabihty^ of interna¬ 
tional markets. Some enviroomentalists 
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assert chat each country should be free 
to insist on the production methods 
of its trading partners. Yet these envi- 
ronmentahsts ignore the certain con¬ 
sequence of their policy: a Pandora^s box 
of protectionism would open up. Rare¬ 
ly are production methods in an indus¬ 
try identical in different countries. 

There are certainly better ways to in¬ 
dulge the environmentalists' propensity 
to export their ethical preferences. The 
U.S. environmeota] organizations can 
lobby in Mexico to persuade its govern¬ 
ment to adopt their views. Private boy¬ 
cotts can also be undertaken. In fact, 
boycotts can carry much clout in rich 
countries with big markets, on which 
the targeted poor countries often de¬ 
pend. The frequent and enormously ex¬ 
pensive advertisements by environmen¬ 
tal groups against GATT show also that 
their resources far exceed those of the 
cash-strapped countries whose policies 
they oppose. 

Cost-benefit analysis leads one to con¬ 
clude that unilateral governmental sus¬ 
pension of others’ trading rights is not 


an appropriate way to proinote one's 
lesser ethical preferences. Such sanc¬ 
tions can, on the other hand, appropri¬ 
ately be invoked multUatcrally to defend 
universal moral values, in such cases— 
as in the censure of apartheid, as prac¬ 
ticed until recently in South Africa—it 
is possible to secure mdespread agree¬ 
ment for sanctions. With a large major¬ 
ity converted to the cause, GATT’s waiv¬ 
er procedure can be used to suspend 
the offending country's trading rights. 

E nvironmentalists are also worried 
about the obstacles that the cur¬ 
rent and prospective GATT rules 
pose for environmental regulations 
aimed entirely at domestic production 
and consumption. In principle, GATT 
lets a country enforce any regulation 
that does not discriminate against or 
among foreign suppliers. One can, for 
example, require airbags in cars, provid¬ 
ed that the rule applies to all automo¬ 
bile makers. GATT even permits rules 
that discriminate against trade for the 
purpose of safety and health. 


GATT, however, recognizes three 
ways in which regulations may be set 
in gratuitous restraint of trade; in fol¬ 
lowing procedures aimed at avoiding 
such outcomes, GATT upsets the envi¬ 
ronmentalists. First, the true intention— 
and effect—of a regulation may be to 
protect not the environment but local 
business. Second, a country^ may im¬ 
pose more restrictions than necessary 
to achieve its stated environmental ob¬ 
jective. Third, it may set standards that 
have no scientific basis. 

The issue of intentions is illustrated 
by the recently settled “beer war” be¬ 
tween Ontario and the U.S. Five years 
ago the Canadian province imposed a 
10-cents-a-can tax on beer, ostensibly 
to discourage littering. The U.S. argued 
that the law in fact intended to discrim- 
mate against its beer suppliers, who 
used aluminum cans, whereas local beer 
companies used bottles. Ontario had 
omitted to tax the use of cans for juic¬ 
es and soups, a step that would have 
affected Ontario producers. 

rhe second problem is generally 



PURE DRINKING WATER is essential for Mexican villagers, 
who wail in line to coUect it rather than risk contracting chol¬ 
era from local sources. The relative value of envlronnienlai 


benefits varies in different countries: Mexico can better im¬ 
prove public health by concentrating its resources on the puri- 
hcation of water than by reducing the lead in gasoline. 
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BENEFITS OF TRADE flow from the economies achieved when ative advantage. Such specialization wiB proceed belter when 
countries specialize in enterprises in which they eiyoy compar- aU sides trust in the stability of the trading regime. 


tougher because if is impossible to And 
alternative restrictions that accomphsh 
exactiy the same environmemal results 
as the original pohcy at lower cost. An 
adjudicating panel is then forced to eval¬ 
uate, imphdtiy or explicitly, the trade¬ 
offs between the cost in trade disruption 
and the cost in lesser fulfilknent of the 
environmental objective. It is therefore 
likdy that environnientalists and trade 
experts will differ on which weights the 
panel should assign to these divergent 
interests. 

Environmentalists tend to be fearful 
about the use of scientilic tests to de¬ 
termine whether trade in a product can 
be proscribed. The need to prove one’s 
case is always an unwelcome burden to 
those who have the political power to 
take unilateral action. Yet the trade ex¬ 
perts have the better of the argument. 
Imagine that U.S. growers sprayed ap¬ 
ples with the pesticide Alar, whereas Eu¬ 
ropean growers did not, and that Euro¬ 
pean consumers began to agitate against 
Alar as harmful. Should the European 
Community be allowed to end the im¬ 
portation of the U,S. apples without 
meeting some scientific test of its health 
concerns? Admittedly, even hard science 
Ls often not hard enough—different 
studies may reach diiferent conclusions. 
But without the restraining hand of sci¬ 
ence, the itch to indulge one's fears— 
and to play on the fears of others— 
would be irresistible. 

In all cases, the moderate environ- 
mentaUsts would Mke to see GATT adopt 
more transparent procedures for adju(i- 


cating disputes. They also desire great¬ 
er legal standing to file briefs when envi¬ 
ronmental regulations are at issue. These 
goals seem both reasonable and feasible, 

N ot an environmental problems 
are locals some are truly global, 
such as the greenhouse effect 
and the depletion of the stratospheric 
ozone. They raise more issues that re¬ 
quire cooperative, multilateral solutions. 
Such solutions must be both efficient 
and equitable. Still, it is easy to see that 
rich countries might use their econom¬ 
ic power to reach protocols that maxi¬ 
mize efficiency at the expense of poor¬ 
er countries. 

For instance, imagine that the draft¬ 
ers of a protocol were to ask Brazil to 
refrain from cutting down its rain for¬ 
ests while allowing industrialized coun¬ 
tries to continue emitting carbon diox¬ 
ide. They might justify this request on 
The grounds that it costs Brazil less to 
keep a tree alive, absorbing a unit of 
carbon dioxide every year, than it would 
cost the U.S. or Germany to save a unit 
by burning less oil. Such a trade-oh 
would indeed be economically efficient. 
Yet if Brazil, a poorer country, were then 
left with the bill, the solution would as¬ 
suredly be inequitable. 

Before any group of countries impos¬ 
es trade sanctions on a coundy' that 
has not joined a multilateral protocol, 
it w^ould be important to judge whether 
the protocol is indeed fair. Nonmembers 
targeted for trade sanctions should have 
the right to get an impartial hearing of 


their objections, requiring the strong to 
defend their actions even when they ap¬ 
pear to be entirely \1rtuous. 

The simultaneous pursuit of the two 
causes of free trade and a protected 
environment often raises problems, to 
be sure. But none of these conflicts is 
beyond resolution with goodwill and 
by imaginative institutional innovation. 
The aversion to free trade and GATT 
that many environmentalists display is 
unfounded, and it is time for them to 
shed it. Their admirable moral passion 
and certain intellectual vigor are better 
devoted to building bridges between the 
causes of trade and the environment. 
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The Perils 
of Free Trade 

Economists routinely ignore its hidden costs 
to the environment and the community 

by Herman E. Daly 


for logically beautiful results over fac- 
tually grounded policies has reached 
such fanatical proportions that we econ- 
omists have become dangerous to the 
earth and its inhabitants. 

The free trade position is grounded in 
the logic of comparative advantage, first 
explicitly formulated by the early 19th- 
century British economist David Ricar- 
do. He obseiv^ed that countries with dif¬ 
ferent technologies, customs and re¬ 
sources will incur different costs when 
they make the same prc}ducts. One 
country^ may find it comparatively less 
costly to mine coal than to grow wheat, 
but in another country the opposite 
may be true. If nations specialize in the 


N o policy^ prescription commands 
greater consensus among econ¬ 
omists than that of free trade 
based on international specialization ac¬ 
cording to comparative advantage. Free 
trade has long been presumed good un¬ 
less proved otherwise. That presump¬ 
tion is the cornerstone of the existing 
General Agreement on Tariffs and Trade 
(GATT) and the proposed North Amer¬ 
ican Free Trade Agreement (NAFTA). 
'Fhe proposals in the Uruguay Round of 
negotiations strengthen GATT's basic 
commitment to free trade and econom¬ 
ic globalization. 

Yet that presumption should be re¬ 
versed. The default position should fa¬ 
vor domestic production for domestic 
markets. When convenient, balanced in¬ 
ternational trade should be used, but 
it should not be allowed to govern a 
country''s affairs at the risk of environ¬ 
mental and social disaster. The domes¬ 
tic economy should be the dog and in¬ 
ternational trade its tail. GATT seeks to 
tie all the dogs' tails together so tightly 
that the mtemational knot would wag 
the separate national dogs. 

The wiser course was well expressed 
in the overlooked words of John May¬ 
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nard Keynes: “I sympathize, therefore, 
with those who would minimize, rather 
than those who would maxunize, ecct- 
nomic entanglement between nations. 
Ideas, knowledge, art, hospitality, trav¬ 
el—these are the things which sht)uld 
of their nature be mtemational. But let 
goods be homespun whenever it is rea¬ 
sonably and conveniently possible: and, 
above all, let tinance be primarily na¬ 
tional." Contrary to Keynes, the defend¬ 
ers of the proposed Uruguay Round 
of changes to GATT not only want to 
downplay “homespun goods," they also 
w'ant finance and aU other services to 
become primarily international. 

Economists and environmentalists 
are sometimes represented as being, 
respectively, for and against free trade, 
but that polarization does the argu¬ 
ment a disservice. Rather the real de¬ 
bate is over what kinds of regulations 
are to be instituted and what goals are 
legitimate. The free traders seek to max¬ 
imize profits and production without 
regard for considerations that repre¬ 
sent hidden social and environmental 
costs. They argue that when growth has 
made people wealthy enough, they wOl 
have the funds to clean up the damage 
done by growth. Conversely, environ¬ 
mentalists and some economists, my¬ 
self among them, suspect that growth 
is increasing emoronmental costs faster 
than benefits from production—there¬ 
by making us poorer, not richer. 

A more accurate name than the per¬ 
suasive label “Tree trade"-because who 
tan be opposed to freedc^m?—is ''dereg¬ 
ulated mtemational commerce." Dereg¬ 
ulation is not always a good pohey^: re¬ 
call the recent experience of the U.S. 
with the deregulation of the savings and 
loan institutions. As one who formerly 
taught the doctrine of free trade to col¬ 
lege students, 1 have some sympathy for 
the free traders' view. Nevertheless, my 
major concern about my profession to¬ 
day is that our disciplinaiy' preference 



POLLUTING is one way in which indus¬ 
tries can “externalize” some of the costs 
associated with production. Industries 
have profit incentives to produce goods 
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products for which they have a com¬ 
parative advantage and trade freely to 
obtain others, everyone bcoefits. 

The problem is not the logic of this 
argument. It is the relevance of Ricar¬ 
do's critical but often forgotten assump¬ 
tion that factors of production (espe¬ 
cially capital) are internationally immo¬ 
bile. In today's world, where biilLons 
of dollars can be transferred between 
nations at the speed of light, that es¬ 
sential condition is not met. Moreover, 
free traders encourage such foreign in¬ 
vestment as a development strateg>^ In 
short, the free traders are using an ar¬ 
gument that hinges on the impermabil- 
ity of national boundaries to capital to 


support a policy aimed at making those 
same boundaries increasingly perme¬ 
able to both capital and goods! 

That fact alone invalidates the as¬ 
sumption that international trade will 
inevitably benefit all its partners. Fur¬ 
thermore, for trade to be mutually ben- 
eficial, the gains must not be offset by 
higher liabilities. After specialization, 
nations are no longer free not Iq trade, 
and that loss of independence can be a 
liabihty. Also, the cost of transporting 
goods internationally must not cancel 
out the profits. Transport costs are en¬ 
ergy intensive. Today, however, the cost 
of energy is frequently subsidized by 
governments through investment tax 



in countries tviih permissive pollution, health and labor standards and then to sell 
the goods elsewhere. Yet that competitive pressure can drive down higher stan¬ 
dards. Tariffs that elunkiate these unfair advantages are therefore essential for 
protecting the global efficiency of resource use. 


credits, federally subsidized research 
and military expenditures that ensure 
access to petroleum. The environmen¬ 
tal costs of fossil-fuel burning also do 
not factor into the price of gasoline. To 
the extent that energy is subsidized, 
then, so too is trade. The full cost of en¬ 
ergy, stripped of these obscuring subsi¬ 
dies, would therefore reduce the initial 
gains from long-distance trade, wheth¬ 
er international or interregional. 

■ ^ ree trade can also introduce new 

IH inefficiencies. Contrary to the im- 
i pheations of comparative advan¬ 
tage, more than half of all internation¬ 
al trade involves the simultaneous im¬ 
port and export of essentially the same 
goods. For example, .^\mericans import 
Danish sugar cookies, and Danes import 
American sugar cookies. Exchanging 
recipes would surely be more efficient. 
It would also be more in accord with 
Keynes's dictum that knowledge should 
be mtemational and goods homespun 
(or in this case, homebaked). 

Another important but seldom men¬ 
tioned corollary of specialization is a 
reduction in the range of occupation¬ 
al choices. Uruguay has a dear compar¬ 
ative advantage in raising cattle and 
sheep. If it adhered strictly to the rule of 
specialization and trade, it would afford 
its citizens only the choice of being ei¬ 
ther cowboys or shepherds. Yet Uru¬ 
guayans fed a need for their own legal, 
finandal, medical, insurance and educa¬ 
tional services, in addition to basic agri¬ 
culture and industry. That diversity’ en¬ 
tails some loss of effidency, but it Ls nec- 
essar>' for communiD^ and nationhood, 

Uruguay is enriched by ha\1ng a sym¬ 
phony orchestra of its own, even though 
it would be cost-effective to import bet¬ 
ter symphony concerts in exchange for 
wool, mutton, beef and leather. Individ¬ 
uals, too, must count the broader range 
of choices as a welfare gain: even those 
who are cowboys and shepherds are 
surely enriched by contact with coun¬ 
trymen who are not vaqueros or pas- 
tores. My point is that the community di¬ 
mension of welfare is completely over¬ 
looked in the simplistic argument that 
if speciahzation and trade mcrease the 
per capita availability of commodities, 
they must be good. 

Let us assume that even after those 
habilities are subtracted from the gross 
returns on trade, positive net gains still 
exist. They must still offset deeper, 
more fundamental problems. The argu¬ 
ments for free trade run afoul of the 
three basic goals of all economic poh- 
cies: the effident aliocatian of resourc¬ 
es, the fair distribution of resources and 
the maintenance of a sustainable scale 
of resource use. The first two are tradi- 
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tional goals of neoclassical economics. 
The third has only recently been recog¬ 
nized and is associated with the view¬ 
point of ecological, or steady-state, eco¬ 
nomics, it means that the input of raw 
materials and energy to an economy and 
the output of waste materials and heat 
must be within the regenerative and ab¬ 
sorptive capacities of the ecosystem. 

In neoclassical economics the efficient 
allocation of resources depends on the 
counting and internalization of all costs. 
Costs are internalized if they are directly 
paid by those entities responsible for 
them—as when, for example, a manu¬ 
facturer pays for the disposal of its fac¬ 
tory wastes and raises its prices to cov¬ 
er that expense. Costs are externalized 
if they are paid by someone else—as 
when the public suffers extra disease, 
stench and nuisance from uncollected 
wastes. Counting all costs is the very 
basis of efficiency. 

Economists rightly urge nations to 
foOow a domestic program of internal¬ 
izing costs into prices. They also wrong¬ 


ly urge nations to trade freely mXh oth¬ 
er countries that do not internalize their 
costs {and consequently have lower pric¬ 
es). If a nation tries to follow both those 
policies, the conflict is dear : free com¬ 
petition between different cost-internal¬ 
izing regimes is utterly unfair. 

Intemational trade increases compe¬ 
tition, and competition reduces costs. 
But competition can reduce costs in two 
ways: by increasing efficiency or by low¬ 
ering standards. A firm can save money 
by lowering its standards for pollution 
control, worker safety, wages, health 
care and so on—all choices that exter¬ 
nalize some of its costs. Profit-maximiz¬ 
ing firms in competition always have an 
incentive to externalize their costs to the 
degree that they can get away with it. 

For precisely that reason, nations 
maintain large legal, administrative and 
auditing structures that bar reductions 
in the social and environmental stan¬ 
dards of domestic industries. There are 
no analogous intemational bodies of 
law and administration; there are only 


national laws, which differ widely. Con¬ 
sequently, free international trade en¬ 
courages industries to shift their pro¬ 
duction activities to the countries that 
have the lowest standards of cost inter¬ 
nalization—hardly a move toward glob¬ 
al efficiency. 

A ttaining cheapness by ignoring 
real costs is a sin against effi- 
JL 3L ciency. Even GATE recognizes 
that requiring citizens of one country 
to compete against foreign prison la¬ 
bor would be carrying standards-low- 
ering competition too far. GATT there¬ 
fore allows the imposition of restric¬ 
tions on such trade. Yet it makes no 
similar exception for child labor, for un¬ 
insured risky labor or for subsistence- 
wage labor. 

The most practical solution is to per¬ 
mit nations that internalize costs to 
levy compensating tariffs on trade with 
nations that do nox. ‘'Protectionism”— 
shielding an inefficient industry against 
more efficient foreign competitors—Is 
a dirty word among econcjmists. That Ls 
very different, however, from protect¬ 
ing an efficient national policy^ of full- 
cost pricing from siandards-lowering 
intemational competition. 

Such tariffs are also not without pre¬ 
cedent. Free traders generally praise the 
fairness of “antidumping" tariffs that 
discourage countries from trading in 
goods at prices below iheLr production 
costs. The only real difference is the 
decision to include the costs of environ- 
mental damage and community welfare 
in that reckoning. 

This tariff policy does not imply the 
imposition of one country's environ¬ 
mental preferences or moral judgments 
on another country, thch country should 
set the rules of cost internalizatlon in 
its own market. Whoever seKs in a na¬ 
tion’s market should play by that na¬ 
tion’s rules or pay a tariff sufficient to 
remove the competitive advantage of 
lower standards. For instance, under the 
Marine Mammal Protection Act, all tuna 
sold in the U.S, {whether by U.S. or Mex¬ 
ican fishermen) must count the cost 
of limiting the kill of dolphin associat¬ 
ed with catching tuna. Tuna sold in the 
Mexican market (whether by U.S. or Mex¬ 
ican fishermen) need not include that 
cost. No standards are being imposed 
through ''environmental imperialism”; 
paying the costs of a nation’s environ¬ 
mental standards is merely the price of 
admission to its market. 

Indeed, free trade could be accused 
of reverse environmental imperialism. 
When firms produce imder the most 
permissive standards and sell their prod¬ 
ucts elsewhere without penalw, they 
press on countries with higher stan- 


How Comparative Advantage Works 


COUNTRY A COUNTRY B 



When there is no international trade, each country's production is limited en¬ 
tirely by its own capital and resources. Some products are comparatively less 
expensive to produce than others on a per unit basis. 



When there is free trade, countries can specialize based on comparative ad¬ 
vantage. All of a country's capital can be invested in making one product. Ab¬ 
solute cost differences between the countries do not matter. The hidden as¬ 
sumption is that capital cannot cross borders. 



If capital is also mobile, capital can follow absolute advantage rather than 
comparative advantage. As in this example, one country may end up producing 
everything if it has lower absolute costs. 
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DIFFERENT VIEWS OF ECONOMIES distiiiguish neaclassica] 
and sieady^staie economics. Neoclassical economics pkinres 
the economy as an isolated system (left) in which exchange 
value circulates between Industries and households. Neither 
matter nor energy enters or leaves the system, so the econ- 


omy can be of any size. In the steady-state view the 

economy is only one component of a larger ecosystem in 
which materials are transformed and energy is converted to 
heat. As the economy grows larger, its behavior must con¬ 
form more closely to that of the total ecosystem. 


daids to lower them. In effect, unre¬ 
stricted trade imposes lower standards. 

Unrestricted intemational trade also 
raises problems of resource distribu¬ 
tion. In the world of comparative ad¬ 
vantage described by Ricardo, a nation's 
capital stays at home, and only goods 
are traded. If firms are free to relocate 
their capital internationally to wherev¬ 
er their production costs would be low¬ 
est, then the favored countries have not 
merely a comparative advantage but an 
absolute advantage. Capital will drain 
out of one country and into another, 
perhaps maJdng what H. Ross Perot 
called '‘a giant sucking sound” as jobs 
and wealth move with it. This special¬ 
ization will increase world production, 
but without any assurance that aU the 
participating countries will benefit. 

When capital flows abroad, the oppor¬ 
tunity for new domestic employment 
diminishes, which drives down the price 
for domestic labor. Even if free trade 
and capital mobility raise wages in low- 
wage countries (and that tendency is 
thwarted by overpopulaiion and rapid 
population growth), they do so at the 
expense of labor in the high-wage coun¬ 
tries. They thereby increase income in- 
equaUty there. Most citizens are wage 
earners, in the U.S., 80 percent of the 
labor force is classified as "nonsupervi- 
sory employees.” Their real wages have 
fallen 17 percent between 1973 and 
1990, in significant part because of 
trade hberalizatiorL 

Nor does labor in low-wage countries 
necessarily gain from free trade. It is 
likely that NAFTA will ruin Mexican 
peasants when “inexpensive” U.S. corn 
{subsidized by depleting topsoil, aqui¬ 
fers, oil wells and the federal treasury) 
can be freely imported. Displaced peas¬ 
ants will bid down wages. Their land 


will be bought cheaply by agribusiness¬ 
es to produce fancy vegetables and cut 
flowers for the U.S, market. Ironically, 
Mexico helps to keep U.S. com "inexpen¬ 
sive" by exporting its own vanishing re¬ 
serves of oil and genetic crop variants, 
which the U.S. needs to sustain its com 
monoculture. 

Neoclassical economists admit that 
overpopulation can spill over from one 
country to another in the form of cheap 
labor. They acknowledge that fact as 
an argument against free immigration. 
Yet capital can migrate toward abun¬ 
dant labor even more easily than labor 
can move toward capital. The legitimate 
case for restrictions on labor immigra¬ 
tion is therefore easily extended to re¬ 
strictions on capital emigration. 

W hen confronted with such 
problems, neoclassical econo¬ 
mists often answer that growth 
will solve them. The alloca tion problem 
of sTandards-lowering competition, they 
say, wlU be dealt with by universally 
"harmonizing" all standards upward. 
The distribution problem of f allin g wag¬ 
es in high-wage countries would only 
be temporary; the economists believe 
that growth will eventually raise wages 
worldwide to the former high-wage lev¬ 
el and beyond. 


RAISING THE INCOMES in the more pop¬ 
ulous, less wealthy nations will be dif- 
ffcult. Over the next 40 years, the pop¬ 
ulation will double. To reach the higher 
level of per capita income, the low- and 
middle-income countries would have to 
increase their use of resources by a 
factor of almost 36 (21 x 2 x 0.8S). To 
avoid augmenting the damage to the en¬ 
vironment, they would need to boost re¬ 
source-use efficiency by the same factor. 


Yet the goal of a sustainable scale 
of total resource use forces us to ask: 
What will happen if the entire popu¬ 
lation of the earth consumes resourc¬ 
es at the rate of high-wage countries? 
Neoclassical economists generally ignore 
this question or give the facile response 
that there are no limits. 

The steady-state economic paradigm 
suggests a different answer. The regen¬ 
erative and assimilative capacities of 
the biosphere cannot support even the 
current levels of resource consumption, 
much less the man^Told increase re¬ 
quired to generalize the higher stan- 
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dards worldwide. Still less can the eco¬ 
system afford an ever growing popu- 
latiofi that is striving to consnnie more 
per capita. As a species, we already pre¬ 
empt about 40 percent of the land- 
based primaiy^ product of photosynthe¬ 
sis for human purposes. What happens 
to biodiversity if we double the human 
population, as we are projected to do 
over the next 30 to 50 years? 

These limits put a brake on the abil¬ 
ity of growth to wash away the prob¬ 
lems of misailocation and maldistri¬ 
bution, In faa, free trade becomes a rec¬ 
ipe for hastening the speed with which 
competition lowers standards for effi¬ 
ciency, distributive equity and ecologi¬ 
cal sustainabiiity'^ 

Notwithstanding those enormous 
problems, the appeal of bigger free 
trade blocs for corporations is obvious. 
The broader the free trade area, the less 
answerable a large and footloose cor¬ 
poration will be to any local or even 
national community. Spatial separation 
of the places that suffer the costs and 
enjoy the benefits becomes more fea¬ 
sible, The corporation will be able to 
buy labor in the low-wage markets and 
sell its products in the remaining high- 
wage, Mgh-income markets. Ihe larger 
the market, the longer a corporation 
will be able to avoid the logic of Henry 
I'ord, who realized that he had to pay 
tus workers enough for them to buy his 


cars. That is w'hy transnational corpo¬ 
rations like free trade and w^hy w^orkers 
and environmentalists do not, 

I n the view of steady-state econom¬ 
ics, the economy is one open sub¬ 
system in a finite, nongrowing and 
materially closed ecosystem. An open 
system takes matter and energy from 
the environment as raw materials and 
returns them as waste. A dosed sys¬ 
tem is one in which matter constantly 
circulates mternally while only energy 
flows through. Whatever enters a sys¬ 
tem as input and exits as output is 
called throughput. Just as an organism 
survives by consuming nutrients and 
excreting wastes, so too an economy 
must to some degree both deplete and 
pollute the environment. A steady-state 
economy is one whose throughput re¬ 
mains constant at a level that neither 
depletes the environment beyond its 
regenerative capacity' nor pollutes it be¬ 
yond its absorptive capacity. 

Most neodassical economic analyses 
today rest on the assumption that the 
economy is the total system and na¬ 
ture is the subsystem. The economy 
is an isolated system involving only 
a circular flow of exchange value be¬ 
tween firms and households. Neither 
matter nor energy' enters or exits this 
system. The economy's growth is there¬ 
fore unconstrained. Nature may foe fi¬ 


nite, but ii is seen as Just one sector 
of the economy, for which other sectors 
can substitute without limiting over¬ 
all growth. 

Although this vision of circular flow 
is useful for analyzing exchanges be¬ 
tween producers and consumers, it is 
activdy misleading for studying scale— 
the size of the economy rdative to the 
environment. It is as if a biologist's vi¬ 
sion of an animal contained a drcuia- 
tory’ system but not a digestive tract or 
lungs. Such a beast would be indepen¬ 
dent of its environment, and its size 
would not matter. If it could move, it 
would be a perpetual motion machine. 

Long ago the world was relatively 
empty of human beings and their be¬ 
longings (man-made capital) and rela¬ 
tively full of other species and their 
habitats (natural capital). Years of eco¬ 
nomic growth have changed that basic 
pattern. As a result, the limiting factor 
on future economic growth has changed. 
If man-made and natural capital were 
good substitutes for one another, then 
natural capital could be totally replaced. 
The two are complementary, however, 
wliidi means that the short supply of 
one imposes Limits. What good are fish¬ 
ing boats without populations of fish? 
Or sawmills without forests? Once the 
number of fish that could be sold at 
market was primarily limited by the 
number of boats that could foe built and 



MAQUILADORAS, or factories near the border between the 
U.S. and Mexico, have become a troublesome source of pollu¬ 
tion for that area, Same U.S, manufacturers have built such 
factories in Mexico to take advantage of that country’s lower 


labor costs and poOution-controI standards. If commerce be¬ 
comes less regulated, such problems may become more com- 
mou. Mexican environmentalists closed this plant after show¬ 
ing that it was contaminatiiig its vi cini ty with lead. 
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NATIONAL SELF-SUFFICIENCY is a good commonly overlooked symphony orchestras and other cultural offerings, they should 
by free traders. Just as nations are better off having their OTvn also keep their vital industries local. 


manned; now it is limited by the num¬ 
ber of fish in the sea- 

As long as the scale of the human 
economy was very small relative to the 
ecosystem, no apparent sacrifice was 
involved in increasing it. The scale of 
the economy is now such that painless 
growth is no longer reasonable. If we 
see the economy as a subsystem of a fi¬ 
nite, noiigro\\diig ecosystem, then there 
must be a maximal scale for its through¬ 
put of matter and energy. More impor¬ 
tant, there must also be an optimal 
scale. Economic growth beyond that op¬ 
timum would increase the environmen¬ 
tal costs faster than it would the pro¬ 
duction benefits, thereby ushering in 
an anti economic phase that impover¬ 
ished rather than enriched. 

One can find disturbing evidence that 
we have already passed that point and, 
like Alice in Through the Looking Glassy 
the faster we run the farther behind we 
fall. Thus, the correlation between gross 
national product (GNP) and the index of 
sustainable economic welfare (which is 
based on personal consumption and ad¬ 
justed for depletion of natural capital 
and other factors) has taken a negative 
turn in the U.S. 

Like our planet, the economy may 
continue forever to develop qualitative¬ 
ly, but it cannot grow indefinitely and 
must eventually settle into a steady 
state in its physical dimensions. That 
condition need not be miserable, how¬ 
ever. We economists need to make the 
elementary’ distinction between growth 
(a quantitative increase in size result¬ 
ing from the accretion or assimilation 
of materials) and development (the qual¬ 
itative evolution to a fuller, better or dif¬ 
ferent state). Quantitative and qualita¬ 
tive changes follow different laws. Con¬ 
flating the tw'o, as we currently do in 
the GNP, has led to much confusion. 

Development without growth is sus- 
tainahie development. An economy that 
is steady in sc^e may still continue to 


develop a greater capaciti/ to satisfy hu¬ 
man wants by increasing the efficienc>^ 
of its resource use, by improving social 
institutions and by ciarifying its ethical 
priorities—but not by increasing the re¬ 
source throughput. 

I n the light of the growth versus de¬ 
velopment distinction, let us return 
to the issue of international trade 
and consider two questions: What is the 
likely effect of free trade on growth? 
What is the likely effect of free trade on 
development? 

Free trade is likely to stimulate the 
growth of throughput. It allows a coun¬ 
try in effect to exceed its domestic re¬ 
generative and absorptive limits by 
“importing"' those capacities from oth¬ 
er countries. True, a country “exporting” 
some of its carrying capacity in return 
for imported products might have in¬ 
creased its throughput even more if it 
had made those products domestically. 
Overall, nevertheless, trade does post¬ 
pone the day when countries must face 
up to living within their natural regen¬ 
erative and absorptive capacities. That 
some countries still have excess carrying 
capacity is more indicative of a shortfall 
in their desired domestic growth than of 
any conscious decision to reserve that 
capacity^ for export. 

By spatially separating the costs and 
benefits of emironmental exploitation, 
international trade makes them harder 
to compare. It thereby increases the ten¬ 
dency for economies to overshoot their 
optimal scale. Furthermore, it forces 
countries to face tightening environmen¬ 
tal constraints more simultaneously and 
less sequentially than would otherwise 
be the case. They have less opportunity 
to learn fi"om one another's experiences 
with controlling throughput and less 
control over their local environment. 

The standard arguments for free trade 
based on comparative advantage also 
depend on static promotions of efficien¬ 


cy. In other words, free trade in tox¬ 
ic wastes promotes static efficiency by 
allowmg the disposal of wastes wher¬ 
ever it costs less according to today's 
prices and technologies. A more dynam¬ 
ic efficiency would be served by out¬ 
lawing the export of toxins. That step 
would internalize the disposal costs of 
toxins to their place of origin—to both 
the firm that generated them and the 
nation under whose laws the firm oper¬ 
ated This policy’ creates an incentive to 
find technically superior ways of deal¬ 
ing with the toxins or of redesigning 
processes to avoid their production in 
the first place. 

All these allocative, distributional and 
scale problems stemming from free 
trade ought to reverse the traditional 
defaull position favoring it. Measures 
to integrate national economies further 
should now be treated as a bad idea un¬ 
less proved otherwise in specific cases. 
As Ronald Findley of Columbia Univer¬ 
sity characterized it, comparative ad¬ 
vantage may well be the “deepest and 
most beautiful result in all of econom¬ 
ics.” Nevertheless, in a full world of in¬ 
ternationally mobile capital, our adher¬ 
ence to it for policy direction is a rec¬ 
ipe for national dismtegratioiL 
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Chemical Signaling 
in the Brain 

Studies of acetylcholine receptors in the electric organs 
offish have generated critical insights into how 
neurons in the human brain communicate with one another 

by Jean-Pierre Changetix 


A s long ago as 1904, the British sd- 
entist T* R. Elliot proposed cor- 
L rectly that neijr(]ns (nerve cells) 
often communicate with one another 
and with other cell types not electrical¬ 
ly but chemically. He suggested that an 
action potential, or eiectrical impulse, 
propagating along an exdted neuron 
triggers the release of chemicals (now 
called neuroiransmitters) from the ex¬ 
cited cell. In turn, the liberated chemi¬ 
cals may cause another cell to take in or 
extrude selected ions. By thus altering 
the flow of charge across the membrane 
of this second cell, the neurotransmit- 
ters can give rise to a new impulse. 

Since Then, investigators have identi- 
tied perhaps 50 neurotransmitters and 
have learned that a single neuron may 
secrete several of them. Workers have 
also struggled to explain just how neu- 
rotransmitters, particularly those in the 
brain, manage to regulate ionic trans¬ 
port, and hence impulse production, in 
the cel is they influence. 

Ihe solution to this last problem has 
emerged slowly, but research in my 
laboratory^ at the Pasteur Institute in 
Paris and in other laboratories during 
the past 25 years has made great head¬ 
way. We have ascertained that recep¬ 
tors for neurotransmitters—which pro¬ 
trude from cell membranes—play a piv¬ 
otal role in mediating the conversion of 
chemical signals into electrical activity. 
And we have begun to clarify how cer¬ 
tain major receptors carry out this 
challenging task. Those molecules have 


JEAN-PIERRE CHANGEUX has been di¬ 
rector of the moiecuiar neurobiology 
unit of the Pasteur Institute in Paris since 
1972. He is also a professor at the insti¬ 
tute and at the College of France, Chang- 
eux has won many awards for his contri¬ 
butions to neuroscience. 


been found to constitute a remarkable 
superfamily of neuro transmitter recep¬ 
tors that are known as neurotransmit- 
ter-gated ion channels. 

Much of this insight derives from in¬ 
tensive study in the 1970s and 1980s 
of a receptor initially isolated from the 
electricity-generating organ of an elec¬ 
tric fish. Yet the story of how investiga¬ 
tors solved the mysteries of impulse 
transmission by chemicals more prop¬ 
erly begins decades earlier, with the pi¬ 
oneering contributions of John New¬ 
port Langley of the University of Cam¬ 
bridge. In 1906 he proposed that bodily 
tissues bear receptors for drugs, hi so 
doing, he provided one of the first sig¬ 
nificant clues to the means by which 
neurotrajismitters exert their effects. 

Langley based his proposal on stud¬ 
ies he conducted into how the poison 
curare kills its victims. When he under¬ 
took these investigations, he was aware 
that curare causes asphyxiation: it 
blocks motor nerves from inducing con¬ 
traction of respiratory muscles. He 
wondered, though, whether it acted on 
the nerves or on the muscles. To find 
out, he placed large doses of nicotine, a 
substance that normally induces con¬ 
traction, directly onto strips of skeletal 
muscle from chicken (at a sice where 
motor nerves are n(]rmally ccjnnected). 
A cofitraction followed, Iben he applied 
curare. The drug blocked nicotine’s ac¬ 
tion. Langley concluded that curare in¬ 
teracts directly with muscle tissue, 
w'hich displays on its surface an '*espe¬ 
cially excitable component,” or “recep¬ 
tive substance,” capable of combining 
with either nicotine or curare. 

Neurobiologists now imderstand that 
nicotine and curare couple wiih the part 
of the receptor molecule designed to 
bind to the nemo transmitter acetylcho¬ 
line. Bound nicotine serves as an ago¬ 
nist: it mimics the stimulatory effect 
of a naturaliy produced substance, ace- 


tyicholine. Bound curare, in contrast, is 
a competitive antagonist: it issues no 
stimulatory signal and, at the same 
time, prevents acetylcholine and nico¬ 
tine from doing so. 

D espite the brilliance of the re¬ 
ceptor concept, its value eluded 
the scientific community for de¬ 
cades. Skepticism arose in part because 
scientists lacked the tools for isolating 
receptors. Moreover, they had trouble 
imagining how binding of a chemical to 
a receptor molecule at the cell surface 
could influence ihe flow of iems through 
channels in the cell membrane. 

r helped to ease these objections in 
the mid-1960s, when, as a graduate stu¬ 
dent working on my doctoral disser¬ 
tation, 1 suggested a theoretical solu¬ 
tion to this conceptual difficulty. A few 
years earlier, siTuciiiral studies of hemo¬ 
globin and various enzymes had indi¬ 
cated that these molecules included 
several separate sites capable of associ¬ 
ating with other substances. I—togeth¬ 
er vrith my teachers Jacques Monod and 
Francois Jacob and their colleague Jeff¬ 
ries Wyman—postulated thai certain en¬ 
zymes may be activated by al l os t eric, 
or indirect, means, by w^luch binding at 
one site influences behavior of another 
site withoul any assistance from an ad¬ 
ditional source of energ>^ We assumed 


ACETYLaiOLINE RECEPTOR, which con¬ 
sists of five subunits {left), was the first 
neurotransmitter receptor to be isolated. 
Later work showed it to indude not only 
neurotransmitter binding sites but also 
an ion-transporting channel {right). (The 
beta and delta subunits and part of one 
alpha subunit have been cut away for 
clarity.) The channel is closed when the 
receptor is at rest, but it opens rapidly 
when the two alpha subunits both com¬ 
bine with acetylcholine. 
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Qiat attachment of some substance to 
a docking site on an enzyme could prop¬ 
agate a confonnational change through¬ 
out the enzyme, thereby rendering a dis¬ 
tant site able to act on a substrate (the 
substance transformed by an enzyme). 

In my dissertation I noted briefly that 
receptors for neurotransmltters might 
function similarly. They might contain 
both a neurotransmitter binding site 
and a separate region that forms an ion 
channel. Attachment of the neurotrans¬ 
mitter to the binding site could elicit a 
conformational change in the molecule 
that would culminate in the opening of 
its channel component. To evduate the 
merit of this idea, my co-workers and I 
had to analyze the composition of some 
kind of receptor in detail. For this, we 
needed a good supply. Unfortunately, 
no receptor had yet been isolated, and 
so that task became our mission. 

Our choice of receptor was inspired 
by discoveries made by David Nachman- 
sohn after he fled Nazi Germany. In the 
late 1930s, while at the University of 
Paris-Sorboime, Nachmansohn and his 
colleagues showed that acerylcholme 
not only induces muscle to contract, it 
also causes electridty-generating organs 
of electric fish to produce current. Fur¬ 


thermore, the organs offer two particu¬ 
lar advantages for researchers. The com 
stituent cells, called electrocytes, are 
huge and thus relatively easy to handle. 
Additionally, they number in the billions, 
which means electric organs harbor an 
abundance of acetylcholine receptor 
molecules. 

W ith these advantages in mind, 
we decided to isolate the ace¬ 
tylcholine receptor in the elec¬ 
tric organ of the electric eel (Ekctropho- 
ms electricus). First, we had to break up 
the electrocytes in the organ to create 
preparations that could be analyzed 
chemically. Michild Kasai, now at Osaka 
University, and I therefore ground up 
electric tissue. Then we separated out 
micron-sized fragments of membranes 
from the innervated regions of electro¬ 
cytes. Langley’s studies of muscle tis¬ 
sue suggested we would find a high 
concentration of the receptor in the in¬ 
nervated areas. These membrane frag¬ 
ments have a wonderfully useful prop¬ 
erty: they dose up into microsacs, or 
tiny vesides, that can be filled with ra- 
dioactively labeled sodium (Na^-) and 
potassium (K+) ions. 

As would be expected if functional 


copies of the receptor were present in 
these microsacs, addition of acetylcho¬ 
line to a suspension of the vesicles dra¬ 
matically altered the flow of ions into 
and out of the vesides—just as occurs 
in intact electrocytes when they respond 
to acetylchoUne. Moreover, in agreement 
with early suggestions of an allosteric 
mechanism, no additional energy sup¬ 
ply was required for the reaction to take 
place. Hence, we felt reasonably sure 
that the receptor w^as present and func¬ 
tional in the microsac membranes. 

Still, we needed some w^ay to distin¬ 
guish the receptor from the rest of the 
material in the membranes. At that time, 
the only way to pinpoint a molecular 
species on a membrane was to radio- 
actively label a substance that homed 
to it and bound tightly. We were having 
difficulty finding a suitable horning ma¬ 
terial when Chen-Yuan Lee of the Na¬ 
tional Taiwan University came to our 
rescue. 

Lee happened to visit my laborato¬ 
ry in the spring of 1970 to present his 
research on the structure and action 
of snake venom. The bites of several 
snakes, such as the banded krait (Ffwn- 
garus multicinctus] and the cobra, are 
fatal because their venom contains tox- 
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ic molecules that, like curare, block sig¬ 
nal transmission by motor neurons. 
Among these molecules are alpha tox¬ 
ins. Lee reported that even at low con¬ 
centrations, alpha-bungarotoxin from 
the banded krait almost irreversibly 
blocks the effects of acetylcholine on 
the muscles of evolutionarily advanced 
vertebrates. 1 realized then that alpha- 
bungarotoxin might provide the speci¬ 
ficity we needed for identifying the ace¬ 
tylcholine receptor on the microsacs 
we derived from the electric eel. To our 
delight, toxin supplied by Lee did our 
bidding perfectly. 

W e could finally take up the 
task of purifying the receptor, 
which we soon found was a 
protein. By 1974 our group and several 
others had succeeded. My team reached 
this goal by applying a technique called 
affinity' chromatography. We created in¬ 
soluble beads to which arms that end¬ 
ed in a structural analogue of curare 
had been attached. Then we doused 
the beads with microsac membranes 
that had been dissolved in a detergent 
solution to separate the constituent 
molecules. The free receptor molecules 
bound to the analogue, and the rest of 
the solution floated away. Next we 
poured copies of the curare analogue 
over die beads. Now^ the receptor mole¬ 
cules bound prefereo daily to the added 
analogue and came off the beads. By 
passing the resulting complexes of re¬ 
ceptor and analogue through a mem- 
brane permeable only to the curare sub¬ 


stitute, we eliminated the analogue and 
acquired a pure supply of the receptor. 

Eager to learn something about the 
structure of our prize, we presented 
Jean Cartaud of the Jacques Monod in¬ 
stitute in Paris with samples to view in 
an electron microscope. He found that 
when observed from above, the recep¬ 
tor resembled a rosette with a depres¬ 
sion in die center. Other analyses, by Ar¬ 
thur Karliti of the Columbia University 
College of Physicians and Surgeons and 
by Michael Raftery of the California In¬ 
stitute of Technology, revealed that the 
overall molecule is composed of five 
protein chains, or subunits: two alpha 
chains, which have an identical molecu¬ 
lar weight, and three chains called beta, 
gamnia and delta, which vary^ in molec¬ 
ular weight. Moreover, Karlin demon¬ 
strated that the alpha subunits hear the 
primary^ responsibility for recognizing 
acetylcholine. (Today it is clear that the 
binding site on each of the tw^o alpha 
subunits must be occupied in order for 
the ion channel to open.) 

These results intrigued us. They sug¬ 
gested that each subunit might form 
one "petal" of the rosette and that the 
central depression might reflect the ex¬ 
tracellular entryway to a membrane- 
spanning ion channel. We needed more 
data in order to test that idea, but in 
the interim we had to cope with anoth¬ 
er nagging problem. Could we he sure 
that receptor molecules contained an 
ion channel, not solely the site that 
boLuid acetylcholine? 

In 1974 my co-wnrker Gerald L. Ha- 


zelbauer and I tackled this question by 
incorporating proteins from purified 
extracts of microsacs into lipid mem¬ 
branes that enclosed radioactively la¬ 
beled sodium or potassium ions. As 
w^ould be predicted if the channel were 
present, binding by acetylcholine trig¬ 
gered the flow of ions, and binding by 
alpha-bungarotoxin and curare blocked 
changes in ionic flux. Later we con¬ 
firmed the results with purified recep¬ 
tors themselves. Hence, by 1980 we 
and other groups had clearly shown 
that the pure protein does indeed con¬ 
tain aU the structural elements needed 
for the chemical transmission of an 
electrical signal—namely, an acetylcho¬ 
line binding site, an ion channel and a 
mechanism for coupling their activity. 

To attack the deeper problem of how 
the acetylcholine receptor worked, we 
had to decipher the sequence of its con¬ 
stituent amino acid. Such information 
provides clues to the shape adopted 
when a protein, which is little more than 
a string of amino adds, folds in on it¬ 
self. And knowledge of the folded struc¬ 
ture offers clues to the functions of the 
various domains in that structure. 

introduction of automated sequenc¬ 
ing and genetic engineering techniques 
in the late 1970s facOitated this effort. 
In 1979 my colleague Aime DeviHers- 
Thiery, Donny Strosberg of the Jacques 
Monod Institute and I elucidated the 
sequence of the first 20 amino acids at 
one end (caDed the amino terminal) of 
the alpha subunit in the acetylcholine 
receptor of the European, or marbled, 
electric ray (Torpedo niarmorata). Sub¬ 
sequently, Raftery and Leroy E. Hood 
and their colleagues at Caltech identi¬ 
fied essentially the same sequence in 
the Californian electric ray (T. cahfbmi- 
ca) and went further. When they char¬ 
acterized the 54 amino acids abutting 
the amino terminal of the alpha, beta, 
gamma and delta subunits, they unex¬ 
pectedly found striking similarity: 35 to 
50 percent of the sequence was identi¬ 
cal, or homologous, in all four subunits. 

Molecular biologists interpret such 
idcntit>^ to mean that the genes specify¬ 
ing the amino acid sequences of the 
subunits are descendants of some an¬ 
cestral gene thal duplicated twice (and 
underwent subsequent alteration) in 
the course of evolutloiL The homology 
further implied that the complete sub¬ 
units were similar to one another and 
therefore probably did arrange them¬ 
selves quasisymmetrically around a 
central axis, forming the petals on the 
rosette seen in the electron microscope. 

By 1983 more complete information 
had emerged. Sbosaku Numa and his 
team at Kyoto University had solved 
the full sequences of the alpha and then 



ELECTRIC RAY from the Torpedo genus harbors an electricity-generating organ 
that contains billions of copies of an acetylcholine receptor. IdentificatiOD of the re¬ 
ceptor's amino acid sequence led to the discovery that acetylcholine receptors in 
the muscle and brain of humans are structurally similar to the Torpedo receptor. 
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Anatomy of the Acetylcholine Receptor 


M ajor Structural features of the ace¬ 
tylcholine receptor have begun to 
yield to scrutiny- Its five subunits (inset 
in panel), which can be depicted 
schematicailv as cylinders (top, center), 
are each formed from a protein that has 
folded in on itself (detail at top right). 
Every subunit includes a large hydro¬ 
philic (water-loving) region abutting the 
amino (NH^) terminal, as well as four 
hydrophobic (water-hating) membrane- 
spanning segments: Ml, M2, M3 and 
M4.The neurotransmitter binding sites, 
viewed from above in the middle panel 
(inset), consist primarily of amino acids 
(yellow spheres in detail) residing in the 
large hydrophilic region of the alpha 
subunits. (Letters in the spheres repre¬ 
sent specific amino acids.) Neighboring 
subunits contribute as well (pink sphere). 
The ion channel is composed of five M2 
segments (inset in bottom panel) and 
contains several rings of amino acids that 
affect the functioning of the receptor. 
Among these, three negatively charged 
rings (blue in detail showing two M2 
segments in a specific acetylcholine re^ 
ceptor) draw positively charged ions 
(not shown) through the channeL An un¬ 
charged, leucine ring (green) at the cen¬ 
ter, where M2 segments probably bend, 
participates in closing the ion channel 
when the receptor becomes desensi¬ 
tized to acetylcholine. The elertron den¬ 
sity map (bottom left), showing a slice 
through the receptor, indicates the prob¬ 
able orientation of two M2 segments 
(dark bars). Nigel Unwin of the Medical 
Research Council in Cambridge, En¬ 
gland, supplied that image* 
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the beta, gamma and delta subunits of 
the T. caUfomica receptor. Three other 
laboratories, including mine, had also 
identified the sequence of the T. caii- 
fornica gamma subunit and supplied 
that of the T. marmorata alpha subunit. 
Then Numa published the sequences of 
all the subunits in the acetylcholine re¬ 
ceptor on human muscle. The muscle 
receptor turned out to differ little from 
those of eJectrocytes. 

T hese studies put workers in an 
excellent position to ascertain 
something about the architecture 
of the folded subunits and how they 
might fit together. In trying to predict 
the structure of a folded protein, scien¬ 
tists often scan the linear amino acid 
sequence for stretches that are rich in 
either hydrophilic or hydrophobic ami¬ 
no acids. Hydrophilic substances are 
attracted to water, such as that in cyto¬ 
plasm or in the fluids that bathe cells; 
hydrophobic, or water-hating, substanc¬ 
es prefer to associate with other hy¬ 
drophobic entities, such as the lipids 
that form cell membranes. 

Every subunit that had been se¬ 
quenced began at the amino-terminal 
side with a large hydrophilic region 
and housed four separate hydrophobic 
segments of about 20 amino acids. The 
hydrophobic areas are referred to, be¬ 
ginning with the one closest to the 
lengthy hydrophilic domain, as Ml. M2, 
Ml and M4. This arrangement suggest¬ 
ed that every subunit chain snaked 
through the thickness of tlie cell mem¬ 
brane four times, so that aU four of the 
hydrophobic regions spanned the mem¬ 
brane [see box on preceding page]. 

In one model, at least, the large hy¬ 
drophilic domain protruded into the 
extracellular space. So situated, that 
domain on the alpha subunits (the sub¬ 
units primarily responsible for grasp¬ 
ing acetylcholine) would be well posi¬ 
tioned to serve as a oeurotransmitter 
binding site. It further seemed reason¬ 
able to guess that one membrane-span¬ 
ning segment from each of the five sub¬ 
units associated with its counterparts 
in the other subunits to form the ion 
channel. The like segments could form 
such a channel if together they encir¬ 
cled the central axis of the rosette. 

Later research confirmed this scenar¬ 
io and added important details. More 
immediately, though, the sequencing of 
the subunit proteins enabled research¬ 
ers to dispel confusion over the opera¬ 
tion of acetylcholine receptors in the 
brain. The trouble derived from the re¬ 
sponse of certain of these receptors to 
snake venoms. 

By the early 1980s investigators knew 
that nicotine-sensitive, or nicotinic, ace¬ 


tylcholine receptors were present in the 
brain of higher vertebrates. Neurobiol¬ 
ogists were puzzled, however, when al- 
pha-bungarotoxin seemed to block the 
functioning of certain of the receptors 
but not others. What is more, a Bungar- 
us toxin called neuronal bungarotoxin 
apparently attached to some cerebral 
receptors but, again, not to others. (The 
picture is actually more complicated. 
The brain additionally includes a class 
of acetylcholine receptors named mus¬ 
carinic receptors that I shall not discuss 
here. Those receptors are very different 
from the nicotinic types. They are 
formed from a single protein chaiD and 
do not include an ion channel. They ex¬ 
ert their effects through such intracel¬ 
lular mediators as G proteins.) 

T he smoke cleared when James 
W. Patrick and Stephen F. Heine- 
mann and their colleagues at the 
Salk Institute for Biological Studies in 
San Diego and Marc BaUivet of the Uni¬ 
versity of Geneva used their knowledge 
of the slructure of electrocyte and mus¬ 
cle subunits to decipher the amino add 
sequences of cerebral subunits. The 
investigators guessed that the amino 
acid sequences of the cerebral subunits 
probably resembled those of electro- 
cytes and muscle even though certain 
cerebral receptors behaved somewhat 
differently from their counterparts in 
eiectrocytes and musde. If the proteins 
were similar, then the genes spedfying 
their amino add sequences would be 
similar as well. Thai being the case, a 
process called DNA hybridization could 
be expected to help isolate the cerebral 
subunit genes and thereby uncover the 
amino acid sequences of the corre¬ 
sponding subunits. 

DNA hybridization techniques cap¬ 
italize on a prominent characteristic 
of genes. Genes consist of two strands 
of mideolides (the building blocks of 
DNA). One strand from a gene will read¬ 
ily combine, or hybridize, with the oth¬ 
er strand from the same or a closely re¬ 
lated gene. Aware of this propensity, 
the investigators hoped they could re¬ 
trieve the cerebral subunit genes from 
a larger pool of brain-derived DNA by 
“flshjng'' for them with “hooks" made 
of nucleotide sequences that actually 
direct the synthesis of elecirocyie or 
muscle subunits. The procedure worked 
beautifully. Seven alpha-subunit types 
(each of which is numbered) W'ere found 
to be produced in the brains of verte¬ 
brates, including humans. Three nonal¬ 
pha types, often classified as beta sub¬ 
units, were discovered as well. This di¬ 
versity suggested that the variable re¬ 
sponses of cerebral receptors to snake 
venoms derive from slight differences 


in the amino acid sequences of one or 
more subunits. 

Subsequent studies have demonstrat¬ 
ed that the protein products of most of 
the subunit genes identified to date can 
yield functional receptors in li\1ng cells 
if the cells make at least one alpha and 
one nonalpha variant. The experiments 
yielding this conclusion often involved 
injecting the genes into the nucleus of 
oocytes, or immature eggs, from the 
frog Xenopus. in response, the protein¬ 
making machinery of the oocytes tran¬ 
scribed the genes into messenger RNA 
and, after transporting the RNA to the 
cytoplasm, translated it into the speci¬ 
fied proteins, ^fhen the proteins associ¬ 
ated with one another in groups of five 
to produce receptors. 

Evaluations of many receptors pro¬ 
duced by Xenopus oocytes also demon¬ 
strated that substitution of one sub¬ 
unit variant for another in a receptor 
can indeed change some properties of 
the receptor* As an example, neuronal 
bungarotoxin blocks the respcinse to 
acetylcholine receptors composed of 
beta-2 and either alpha-3 or alpba-4 
subunits, but the toxin does not inter¬ 
fere with the activity of molecules com¬ 
posed of beta-2 and alpha-2 subunits. 

A t about the same time as the het¬ 
erogeneity of nicotiDlc acetyldio- 
L line receptors was emerging, re¬ 
searchers were busy attempting to de¬ 
cipher the structure and operation of 
receptors for other neurotransmitters. 
When that work began, few w^ould have 
guessed that the receptors for gamma- 
aminobutyric acid (GABA) and glycine 
would have much in common with ace¬ 
tylcholine receptors. After all, nicotinic 
aceWlclioline receptors excite cells by 
opening a channel permeable to cations 
(positively charged ions). Receptors for 
GABA and glycine, in contrast, facili¬ 
tate transport of chloride anions (Cl-); 
the flow of chloride anions into cells 
inhibits generation of electrical impuls¬ 
es and can thereby counteract the ef¬ 
fects of excitatory' receptors. 

Nevertheless, studies conducted in 
the 1980s revealed that glycine and 
GABA receptors consist of muJtipie sub¬ 
units. That in itself was not remark¬ 
able. More strikingly, however, Heinrich 
Betz of the University of Heidelberg 
and Eric A. Barnard of the Medical Re¬ 
search Council in Cambridge, England, 
respectively determined the complete 
sequences of the glycine and GABA re¬ 
ceptors and found that the distribution 
of hydrophilic and hydrophobic do¬ 
mains strongly resembled that of nico¬ 
tinic acetylcholine receptors. 

In other words, it began to seem like¬ 
ly that the subunits in the GABA and 


34 Scientific American November 1993 



SUBUNIT 

VARIANT 


EXTRACELLULAR 
HYDROPHILIC 
DOMAIN 


CYTOPLASMIC 

HYDROPHILIC 

DOMAIN M4 


ALPHA-1* 

FROM ACFTYLCHOL1NE 
RECEPTOR IN MUSCLE 

ALPHA-4, 

FROM ACETYLCHOLINE 
RECEPTOR IN BRAIN 

ALPHA-1, 

FROM GABA RECEPTOR 
BETA-1, 

FROM GABA RECEPTOR 
ALPHA-1, 

FROM GLYCINE RECEPTOR 
BETA-1, 

FROM GLYCINE RECEPTOR 







Ir 


UNFOLDED PROTEIN CHAINS (multicolored bars) that constitute subunits in re¬ 
ceptors for acetylcholine, GABA and glycine have much in common. All harbor a 
large, extracellular hydrophilic domain, a smaller, cytoplasmic hydrophilic domain 
and four hydrophobic segments (MC M2, M3 and M4) believed to span the ceU 
membrane. These similarities suggest that the molecules all belong to one super¬ 
family of structurally related neurotransmitter receptors. 


glycine receptors, in common with 
those of nicotinic acetylcholine recep¬ 
tors, weave through the cell membrane 
four times. Evidence also indicated that 
the complete receptors for GABA and 
glycine carry both a neurotransTnitter 
binding site and an ion channel. More 
recent work suggests that some sero¬ 
tonin receptors have a similar architec¬ 
ture as well. These receptors, like ace¬ 
tylcholine receptors, control the cross¬ 
membrane Lranspori of cations and are 
thus excitatory. 

The architectural similarities among 
the receptors explain why neurobiolo¬ 
gists now consider acetylcholine, GABA, 
glycine and serotonin receptors to con¬ 
stitute the superfamily of genetically 
and structurally related nemo transmit¬ 
ter-gated ion channels. (Receptors for 
the prevalent neurotransmitter gluta¬ 
mate may be distantly related. They in¬ 
clude a neurotransmitter binding site 
and an ion channel but differ in struc¬ 
ture.) There is also evidence that neu¬ 
rotransmitter-gated ion channels are 
allosteric proteins. As would be expect¬ 
ed for allosteric molecules* the estimat¬ 
ed distance between the neurotransmit¬ 
ter binding site and the ion channel is 
large—about 30 angstroms. 

As was found for acetylcholine recep¬ 
tors, the subunits of other members of 
the superfamily come in multiple vari¬ 
eties. Hence* a GABA receptor In one 
part of the brain might well have some¬ 
what different properties than does a 
variant elsewhere in that organ. For in¬ 
stance, benzodiazepines, which are so 
abundantly consumed as tranquihzers 
by industrialized populations* potenti¬ 
ate the inhibitory action of only certain 
GABA receptor species. They do so by 
binding to a site that is distinct from 
the GABA binding site. 

As the precise influence on behavior 
of ever>^ subspecies of every subunit in 
neurotransmitter-gated ion channels is 
deciphered* pharmacologists should be 
able to design drugs that will selectively 
impede or enhance those effects. Such 
agents* in turn, might help ameliorate 
any number of debihtating conditions, 
including mood disorders, tissue dam¬ 
age associated with stroke and* perhaps* 
Alzheimer's disease. 

O f course* to devise such drugs, 
researchers require a rather full 
understanding of receptor struc¬ 
ture. They need to know the specific 
amino acids responsible for binding 
neurotransmitters* for directing the flow 
of ions in and out of cells and for other¬ 
wise modulating receptor function. One 
useful way to gather such mformation 
is known as affinity labeling. Some 
traceable version of a molecule that in¬ 


teracts with a receptor is allowed to bind 
irreversibly to that target; the bound 
substance thus highlights the amino 
acids that constitute the binding site. 

Between 1988 and 1990* my col¬ 
leagues Michael Dennis, Jerome Girau- 
dat* Jean-Luc Galzi and 1 uncovered 
much of the acetylcholine binding site 
by identifying amino acids in a Torpedo 
receptor that were labeled by the com¬ 
pound p-(JV,iV- dimethyl) aminoben- 
zenediazonium flnoroborate, also called 
DDF. We learned that several aromatic 
amino acids {those carrying ring-shaped 
side chains) are critical to DDF binding, 
and we confirmed binding by a pair of 
cysteine amino acids identified in a Tor¬ 
pedo receptor by Karlin. The labeled ami¬ 
no acids are distributed within three 
distinct regions of the large hydrophil¬ 
ic domain of the ainino-terminal region. 
It became evident that they collectively 
form a kind of negatively charged cup 
in which the positively charged part of 
acetylcholine could lodge. 

What is even more exciting, we went 
on to show that these amino acids ac¬ 
tually do play a critical role in receptor 
function. With Daniel Bertrand of the 
University of Geneva Medical Center, we 
proved this point in a receptor that con¬ 
sists entirely of alpha-7 subunits from 
the chicken brain. (This receptor is one 
exception to the rule requiring the pres¬ 
ence of both alpha and beta subunits 
for receptor formation.) Specific muta¬ 
tion* by what is called site-directed mu¬ 
tagenesis* of the amino acids that DDF 
labeled in the Torpedo receptor strik¬ 
ingly impeded the alpha-7 receptor’s 


response to acetylcholine. 

Taken together, the affinity-labeling 
and mutagenesis studies confirm that 
the large hydrophihc region of the al¬ 
pha subunit is exposed to the extracel¬ 
lular environment. There it sits, ready 
to receive acetylcholine released from 
neive endings and to trigger the open¬ 
ing of the ion-transporting channel. 

Affinity labeling also delineated the 
structure of the ion channel in a Torpe^ 
do receptor. Difficult analyses convinced 
us by the end of 1985 that the drug 
cMorpromazine attaches to amino acids 
on the membrane-crossing, M2 hydro- 
phobic segment of at least one sub- 
unit—the delta chain. This work, and a 
similar report by Ferdinand Hucho and 
Ms co-workers at Berlin University* sug¬ 
gested that the channeVs inner wall is 
formed by five M2 segments, one con¬ 
tributed by every subunit. 

Numa and Bert Sakmann, then at the 
Max Planck Institute for Biophysical 
Chemistry in Gottingen* confirmed this 
possibihty. By site-directed mutagene¬ 
sis, they determined that at least three 
rings of negatively charged amino acids 
(especially glutamate) participate in 
transporting ions through the channel. 
Each ring lies in a plane parallel to the 
surface of the cell and consists of five 
amino acids, one supplied by the M2 
segment of every subunit. A single ring 
resides at the extracellular surface of 
the membrane (at the top of the chan¬ 
nel). A second* termed the intermediate 
ring* lies at the bottom of the channel, 
and the third ring lies directly below 
the second, in the cytoplasm proper. 
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Given that the distribution of hy¬ 
drophobic subunits m the GABA, gly¬ 
cine and serotonin receptors matches 
that of acetylcholine receptors, we won¬ 
dered if their M2 segments formed the 
channel in those receptors as well. They 
do, even though those receptors trans¬ 
port negatively, rather than positively, 
charged ions. The difference in charge 
preference apparently stems from vari¬ 
ance in just a few" amino adds. When 
Bertrand's team and mine transferred 
into the alpha-7 receptor three M2 ami¬ 
no acids from a GABA receptor (includ¬ 
ing the one giving rise to the intermedi¬ 
ate ring), those few changes converted 
the alpha-7 receptor channel from a 
cationic to an anionic transporter, 

W hether a receptor carries an 
anion- or cation-transporting 
channel, its main function is 
to open that channel in response to sig¬ 
nals from a neurotransmitter. Yet neu- 
rotransmitter receptors have another 
fascinating skill as weU. By altering 
their conformation, they can apparent¬ 
ly increase or decrease their readiness 


to respond to neurotransmitters. In that 
way, they can regulate the pool of re¬ 
ceptors available to respond to exter¬ 
nal signals and can thus influence the 
efficiency of signal transmissioiL 

My assodates and I realized that re¬ 
ceptors could possess this regulatory 
power when we began to consider a 
phenomenon noted by several investi¬ 
gators over the years. Receptors react 
differently to discrete pulses of high¬ 
ly concentrated acetylcholine (such as 
those usually ddivered by neurons) 
than they do to the continuous avail¬ 
ability of lower concentrations (such 
as is provided in many experiments). 

Exdted neurons secrete large concen¬ 
trations of acetylcholine in discrete 
bursts at synapses, the specialized Junc¬ 
tions now kiiov\Ti to connect neurons. 
The molecules freed during a single 
pulse pour into the synaptic deft (the 
space separating communicating cells). 
Many of them make their way from the 
exdted, presynaptic cell to receptors on 
the surface of a postsynaptic cell. Under 
normal circumstances, the affinity of 
most receptor molecules for the neuro¬ 


transmitter is low. Consequently, imme- 
diatdy after acetylcholine binds to re¬ 
ceptors and causes the channel to open, 
the receptors release their hold on the 
neuiotransmitter, which is promptly 
degraded. Within milliseconds of being 
bound, the receptors revert to their 
dosed, unbound state and are ready to 
react once again. 

In contrast, when acetylcholine is sup¬ 
plied continuously to receptors, the 
receptor molecules begin to lose their 
responsiveness. After initially opening 
the ion channel, they slowly take on a 
“desensitized" conformation over the 
course of seconds or minutes. That is, 
they bind avidly to acetylcholine but 
maintain a dosed channel and do not 
transport ions. Even small concentra¬ 
tions of acetylcholine will be held by 
these closed-channel receptors for rela¬ 
tively Long periods, during which the 
receptors cannot react to new signals. 

So it seems that acetylcholine recep¬ 
tors can adopt at least three intercon¬ 
vertible states that can differ in their 
affiniw for the ncurotransmitter and 
in the efficiency of signal transmlssiom 
In addition to the high-afhnity, desen¬ 
sitized state, in which the channel re¬ 
mains dosed, there is a low-affinity, 
resting (but activable) state in which 
the channel is closed but easily opened 
if both alpha subunits are bound sud¬ 
denly by acetylcholine. The low-affini¬ 
ty, open-channel condition is the third 
state. All three states switch back and 
forth spontaneously but at different 
rates than occur when acetylcholine is 
present. 

Site-directed mutagenesis has helped 
clarify the process by w^hich desensi¬ 
tization occurs; it appears that leucine 
amino adds are involved. In affinity-la¬ 
beling studies carried out by my group, 
chJorpromazine labeled a ring of un¬ 
charged leudne amino acids near the 
center of the ion channel. When Ber¬ 
trand’s team and mine replaced the 
leucines in this ring with a smaller un¬ 
charged amino add, we created a recep¬ 
tor that resembled a normal desensi¬ 
tized receptor in thal it bound tightly 
to acetylcholine. Yet its channel was 
fbced in an open state. This result im¬ 
plies thal the leucine ring locks the ion 
channel dosed wiien the receptor is in 
the desensitized conformation. 

M y assodates and I have long 
pondered the benefits that 
might accrue to an organism 
from bearing receptors able to adopt 
multiple states. Of course, a desensiti¬ 
zation mechanism would protect recep¬ 
tor-bearing cells from becoming over¬ 
excited in response to dangerously high 
levels of acetylcholine. But I foeheve that 



CLOSED, DESENSITIZED 
STATE 


DYNAMIC NATURE of the acetylcholine receptor is evident in its ability to adopt 
multiple conformations. In the resting state (a), the receptor has low affinity for 
acetylcholine, and its ion channel is closed. If it is exposed briefly to a high con¬ 
centration of the neurotransmitter, it assumes the active, open-channel conforma¬ 
tion for milliseconds (h) before releasing the acetylcholine and reverting to the 
resting state. If acetylcholine is supplied continuously, resting and activated re¬ 
ceptors can slowly assume a desensitized state (c). In this condition, the receptor 
holds acetylcholine with high affinity for seconds or minuteSp maintains a closed 
channel and will not respond to new pulses of acetylcholine. 
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MANY FORCES can affect the conformation of a neurotransmitter receptor and 
hence the efficiency with which it responds to signals received from a neuron act¬ 
ing on it. Aside from the concentration and delivery rate of the neurotransmitter 
{^i), some influences include binding by additional neurotransmitters or other ex¬ 
tracellular chemicals (b), changes in the electrical potential across the ceU mem¬ 
brane (c) and binding by intraceUular signaling molecules such as ions. 


there is another explanation as wdl. 

In 1982 my colleague Thierry Heid- 
mann and I further proposed that the 
ability of acetylcholine receptors to 
alter their conformation slowly could 
more routinely ser\^e to increase or de¬ 
crease the efficiency^ of signal transmis¬ 
sion at a symapse. In so doing, such re¬ 
ceptors could participate in learning. 
Many theorists, following the lead of 
Donald 0. Hebb, postulate that learn¬ 
ing depends on changes in the efficien¬ 
cy of signal transmission across the 
synapses linking two neurons that are 
activated simultaneously. 

Our h>^othesis is far from proved, 
but it is plausible. If the ability to adopt 
many states were important to regulat¬ 
ing signal transmission, this flexibility' 
should appear in other neurotransmit¬ 
ter receptors as well. Research shows 
that GABA, giycine and serotonin re¬ 
ceptors also are able to assume desen¬ 
sitized conformations. 

The demonstration of state changes 
in other receptors is not the only sup¬ 
port for the possibility that receptors 
regulate synaptic efficiency. These mol¬ 
ecules sit in a particularly good posi¬ 
tion to control the degree of respon¬ 
siveness needed at any given moment. 
Crossing the cell membrane as they do, 
they are exposed to chemical and elec¬ 
trical signals issued both from outside 
and from within the cell. If each of 
these signals pushed the receptor to- 
w^d one conformation or another, the 
final arrangement would reflect the 
summed, or integrated, influence of 
various, possibly contradictory, forces. 

Among the signals that impinge on 
receptors are the intraceDular concen¬ 
tration of calcium ions and changes in 
the electrical potential across the cell 
membrane. Hyperpolarizatioo of the 
membrane and elevation of the calci¬ 
um concentration in muscle accelerate 
desensitization of the acety lcholine re¬ 
ceptor. Richard L. Huganir and Paul 
Greengard of the Rockefeller University 
further established in 1986 that phos¬ 
phorylation of the receptor promotes 
desensitization. 

If neurotransiuitter receptors did in 
fact control the efficacy of interceRular 
signaling, we would anticipate that they 
would be capable of increasing, not 
merely decreasing, their sensitivity to 
neurotransmitters. Such potentiation 
has been observed. Extracellular calci¬ 
um enhances the stimulatory^ effect of 
nicotimc acetylcholine receptors in the 
brain, and glycine enhances the effect 
of glutamate receptors. 

In general, then, we suspect that if a 
receptor is tottering between two con¬ 
formations, one of which is sensitive 
and the other of which is refractory to 


stimulation, the balance can be shifted 
toward one of the two states by chemi¬ 
cal or electrical signals. The resulting 
conformation, in turn, enhances or de¬ 
presses the ability of the receptor to 
convey signals promptly. 

C learly, our understanding of 
chemical signaling m the brain 
has advanced dramatically in the 
past quarter century. The decision to 
isolate the acetylcholine receptor from 
a fish organ was risky: if the effort 
failed or if that receptor was unrelated 
to any others, we would have wasted 
time and energy. Fortunately, the gam¬ 
ble paid off more than we could have 
hoped. The acetylcholine receptor in 
electric fish was identified, and its se¬ 
quence was deciphered. Then biotech¬ 


nology, especially recombinant DNA 
methodology, enabled workers to char¬ 
acterize related receptors in human 
muscle and in the brain and to learn 
that nicotinic acetilcholine receptors 
are stnicmrally related to, and form a 
superfamiJy with, those responsive to 
GABA, glycine and serotoniEL 
Meanwhile it became dear that the 
subunits composing each t>pe of recep¬ 
tor are themselves variable: a receptor 
in one part of the brain may well pos¬ 
sess properties that differ from those 
of their immediate kin elsewhere in ce¬ 
rebral tissue. This likelihood raises the 
tantalizing possibility that drugs tar¬ 
geted to specific receptors on defined 
categories of neurons can be developed 
for the highly selective treatment of 
signaling disorders in the brain. 
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X-ray Binaries 

In these systems, ultradense neutron stars feed on their more sedate 
companions. Such stellar cannibalism produces brilliant outpourings 
of x-rays and drastically alters the evolution of both stars 

by Edward P. J. van den Heuvel and Jan van Paradijs 


A n the shmameririg stars that pierce 
the night sky shine because of 
L, the same fundamental process: 
nuclear fusioiL When two or more atom- 
ic nuclei collide and fuse into one, they 
release \irtually unimaginable amounts 
of energy. The fusion of one gram of hy¬ 
drogen, for example, liberates as much 
energy as the combustion of 20,000 lit¬ 
ers of gasoline. In stars such as the 
sun, fusion reactions burn brilliantly 
for bilhons of years* They are not the 
only source of steUar energy, however. 
In 1971 astronomers recognized a class 
of bizarre, x-ray-emitting stars, known 
as x-ray binaries, whose intense emis¬ 
sions require an energy source far more 
efficient than even fusion* 

Theorists have deduced that these 
objects consist of a normal star orbit¬ 
ing a collapsed stellar corpse, usually 
a neutron star* Neutron stars are so 
dense that the entire mass of the star is 
squeezed into what is essentially a sin¬ 
gle atomic nudeus 20 kilometers across* 
Ihe stars in these binaries lie so close 
together that gas can flow from the nor¬ 
mal star to [he neutron star. That cap¬ 
tured material forms a rapidly swirling 
disk whose inner edge, just above the 
neutron star’s surface, races around at 
nearly the speed of light. Friction with¬ 
in the disk eventually causes the gas to 
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fall inward, or accrete, onto the neu¬ 
tron star* In the process, violent colli¬ 
sions betwem particles heat the gas to 
temperatures of 10 million to 100 mil¬ 
lion keivins* Under such incredibly hot 
conditions, the gas emits torrents of en¬ 
ergetic x-rays. Pound for pound, accre¬ 
tion unleashes 15 to 60 times as much 
energy as does hydrogen hision* 

Astronomers now recognize that ac¬ 
cretion powers a rich diversity of astro- 
physical objects* These range from in¬ 
fant stars to quasars, objects about the 
size of the solar system that outshine 
entire galaxies, most likely as a result of 
gas spiraling into a supermassive black 
hole. X-ray binaries serve as ideal show¬ 
cases for learning in detail how the ac¬ 
cretion process works. They are bright 
and relatively nearby, residing well with¬ 
in our galaxy. 

The study of x-ray binaries also pro¬ 
vides a glimpse into the life cycle of 
some of the most exotic and dynamic 
stellar systems in the sky* In these stel¬ 
lar duos, one or both members spends 
some time feeding off its partner. That 
transfer of material stunningly alters 
both stars’ development. One star may 
pay for its gluttony by prematurely end¬ 
ing its life in a spectacular supernova 
explosion. On the other hand, placid, 


elderly neutron stars may receive an in¬ 
fusion of rotational energy that causes 
them to become a prominent source of 
rapidly pulsed radio waves* 

D espite their prominence in the x- 
ray sky, x-ray binaries escaped 
the notice of researchers until 
the dawn of the space age in the 1960s. 
Celestial x-rays are absorbed high in 
the upper atmosphere, precluding their 
detection from the ground. The advent 
of space technology opened up an en¬ 
tirely new field of investigation by mak¬ 
ing it possible to loft telescopes above 
the obscuring layers of the earth’s 
atmosphere. 

In 1962 Riccardo Giacconi, now the 
director of the European Southern Ob¬ 
servatory, and his associates at Ameri¬ 
can Science and Engineering in Cam¬ 
bridge, Mass*, placed an x-ray detector 
on board a rocket and discovered the 
first known celestial x-ray source, Scor¬ 
pios X-l. The name indicates that it is 
the brightest x-ray-emitting object in 
the constellation Scorpius* Scorpios X-l 
shines about 1,000 times brighter in 
x-rays than in visible light. Ihe identi¬ 
ty of the object emitting this radiation 
was a total mystery. 

In the following years, x-ray detec- 


X-RAY BINARIES comprise two very different classes of double-star systems* In 
both cases, a neutron star hes at the heart of the x-ray source. Most young x-ray bi¬ 
naries, such as Ceniaurus X-3 {top right )contain a bright blue star having 10 to 40 
times the mass of the sun. The youthful neutron star emits pulses of x-rays as it 
rotates {hehw, left). Low-mass x-ray binaries usnally contain far older, sunlike stars. 
In the tiny low-mass system 4U 1820-30 {bottom right)^ both stars must be com¬ 
pact objects, presumably a neutron star and a larger but less massive white dvrarf. 
Erratic bursts of x-rays occur when gas collects on the surface of an old neutron 
star and undergoes a thermonuclear detonation (he/ow, right). 
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BSIFALL OF MATTER, or accretion, can be nature’s most effideni 
mechanism for generating energy. The amount of energy Uber- 
ated by accretion depends on the gravity at an object’s sur¬ 
face. Matter falling onto the sun {left) attains only a tiny frac¬ 


tion of the velocity of material accreting onto an ultradense neu¬ 
tron star Fiiction converts idnetic energy into thermal 

energy; infalling gas in an x-ray binary reaches temperatures 
of 100 million kelvins, causing it to emit energetic x-rays. 


tors placed on rockets and very high al¬ 
titude balloons revealed a few dozen 
similar “x-ray stars.” Astronomers truly 
began to understand these objects only 
after 1970, when the National Aeronau¬ 
tics and Space Administration launched 
Uhuru, the first x-ray satellite, which 
was designed and built by a team led 
by Giacconi. Suddenly, astronomers 
could study the x-ray sk>' around the 
clock. Within its firs! few^ monlks of 
service, Uhuru revealed two intriguing 
x-ray sources, Ceotaurus X-3 and Her¬ 
cules X-1. Both objects vary' in bright¬ 
ness in a rapid, extremely regular man¬ 
ner: once every 4.84 seconds for Cen- 
taurus X-3, once every L20 seconds for 
Hercules X-1. These sources turned out 
to be the first of a whole class of pulsed 
x-ray stars. 

The pulses provided a critical due 
to the nature of these objects. In 1967 
.Antony Hewish and S. Jocelyn Bell of 
the University of Cambridge, along with 
several co-workers, discovered pulsars, 
a class of stars that emit regular blips 
of radio emission. After some initial 
puzzlement, theorists reahzed that ra¬ 
dio pulsars are swiftly spinning neu¬ 
tron stars whose powerful magnetic 
fields generate a Mghihouse beam of ra¬ 
dio waves that flashes by the observer 
once each rotation. The similarly short 
and constant variations of the new- 
found x-ray stars hinted that they too 
were associated with neutron stars. 

Another noteworthy trait of Centau- 
rus X-3 and Hercules X-1 is that they ex¬ 
perience regular eclipses, in which they 
dip to a small fraction of their normal 
brightness. These eclipses proved that 
the objects must be binary stars, pre¬ 
sumably a neutron star orbiting a larg¬ 


er but much more sedate stellar com¬ 
panion that occasionally blocks the neu¬ 
tron star from view. Centaurus X-3 has 
an orbital period of 2.087 days; for Her¬ 
cules X-1, the period is 1.70 days. 

The pieces of the puzzle began to 
fan into place. The short orbital periods 
of the pulsating x-ray stars demon¬ 
strated that the two stars sit very^ dose 
to each other. In such proximate quar¬ 
ters the neutron star can steal gas from 
its companion; the gas settles into a so- 
called accretion disk around the neu¬ 
tron star. The inner parts of the disk 
greatly surpass the w^hiie-hot tempera¬ 
tures on the surface of the sun (about 
6,000 kelvins). As a result, the accre¬ 
tion disk shines mostly in the form of 
x-rays, radiation thousands of times as 
energetic as is visible light. Accretion is 
so efficient that some x-ray binaries emit 
more than 10,000 times as much energy 
in x-rays than the sun radiates at all 
wavelengths. 

The x-ray pulsations occur because 
the neutron star has a strong magnetic 
field whose axis is inclined with respect 
to its axis of rotation. Close to the neu¬ 
tron star, the magnetic field directs the 
infalling, electrically charged gas toward 
the star’s magnetic poles. There the gas 
crashes onto the surface, giving rise to 
two columns of hot (100 million kel¬ 
vins), x-ray-emitting material. As the star 
rotates, these columns move in and out 
of view as seen from the earth, explain¬ 
ing the variation in the star’s apparent 
x-ray flux. Several researchers indepen¬ 
dently arrived at this explanation of pul¬ 
sating and eclipsing binary^ x-ray sourc¬ 
es; indeed, by 1972, it had already be¬ 
come accepted as the standard model 
for such objects. 


Careful tuning of the pulsations of x- 
ray binaries showed that they are not 
perfectly regular. Instead the period of 
pulsation smoothly increases and de¬ 
creases over an interval equal to the or¬ 
bital period. This phenomenon results 
from the motion of the x-ray source 
around the center of gravity of the bina¬ 
ry-star system. ^Vhile the source is mov¬ 
ing toward the earth, each pulse travels 
a shorter distance than the one before 
and so arrives a minuscule fraction of 
a second early; wMe the source is mov¬ 
ing away from the earth, each pulse ar¬ 
rives a similar amount late. 

The amplitude of this effect reveals 
the velocity at w^hich the source moves 
along the line of sight to the earth. 
Centaurus X-3 swings back and forth at 
415 kilometers a second. That velocity’ 
imphes that the companion star has at 
least 15 times the mass of the sun, typ¬ 
ical of a brilliant, short-lived blue star. 
Since the early 1970s, astronomers have 
uncovered about 30 pidsating x-ray bi¬ 
naries. In nearly all cases, the compan¬ 
ion stars are luminous blue stars hav¬ 
ing masses betw^een 10 and 40 times 
that of the sun. 

The bright stars in x-ray binaries 
show periodic changes in the frequen¬ 
cy of dark lines, or absorption lines, in 
their spectra. T hese changes, knf>wTi as 
Doppler shifts, result from the orbital 
motion of the visible star around the x- 
ray source. Radiation from an approach¬ 
ing object appears compressed, or bluer; 
likewise, radiation from a receding ob¬ 
ject looks stretched, or redder. The de¬ 
gree of the Doppler shift indicates the 
star’s rate of motion. Because the cor¬ 
responding velocity^ of the x-ray source 
can be deduced from the variations of 
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the pulse period, one can use Newton's 
law of gravity' to derive the mass of the 
embedded neutron star. 

The measured neutron star masses 
fall primarily between 1.2 and 1.6 times 
the mass of the stm, in good agreement 
with theoretical expectations. Research- 
ers have found, much to their excite¬ 
ment, that several nonpulsating x-ray 
binaries seem to contain stars having 
more than about three solar masses. 
Current theory holds that neutron stars 
exceeding that mass limit will produce a 
gra\1tationaL field so Intense that it col¬ 
lapses without limit. The result is one of 
nature^s most intriguing objects: a black 
hole, an object whose gravity has cut it 
off from the rest of the universe. 

A s astronomers have found more 
x-ray binaries, they have come 
^ to recognize the existence of 
two distinct populations: those con¬ 
taining large and luminous blue stars 
and those contai ning much older, less 
massive stars more akin to the sun. 
The x-ray binaries that include massive 
blue stars must be very youthful. A star 
more than 15 times as massive as the 
sun squanders its supply of hydrogen 
fuel in less than 10 million years, a blink 
of the eye compared with the 15-billion- 
year age of the Milky Way, Hence, the 
double-star systems from which these 
x-ray binaries evolved must have been 
bom only a few milli on years ago in in¬ 
terstellar gas clouds, like these clouds 
and other young, hot stars, pulsating 
massive x-ray binaries tend to concen¬ 
trate in the plane of the Milky Way, but 
not toward the galactic center. 

About half of the strong x-ray sources 
in our galaxy, including Scorpius X-1, 
belong to a very different stellar pop¬ 
ulation. These x-ray binaries concen¬ 
trate predominantly in the central lens¬ 
shaped bulge of the galaxy^ and in glob¬ 
ular clusters, dense spherical swarms 
of stars. Such regions harbor mostly 
older stars, those having ages between 
about five and 15 billion years. 

In general, these elderly x-ray bina¬ 
ries do not undergo regular pulsations. 
They differ from the massive, pulsing 
x-ray binaries in other ways as well. The 
visible-light spectra of the aged x-ray 
binaries appear utterly unlike those of 
normal stars. Instead they grow stead¬ 
ily brighter toward the blue end of 
the spectrum; some of their radiation 
emerges at distinct wavelengths, or col¬ 
ors. Theoretical models indicate that 
such a spectrum would be produced by 
an inflowmg disk of gas heated by in¬ 
tense x-rays streaming from inner parts 
of the disk, just above the neutron star's 
surface. 

Emission from the disk almost com¬ 


pletely drowns out the light from the 
companion star. That disparity tmphes 
that the companion must be fairly faint, 
which in turn indicates that its mass 
is no greater than that of the sure These 
double-star systems are therefore known 
as low-mass x-ray binaries. Solar-mass 
stars remain stable for at least 10 billion 
years, consistent with the age of the stel¬ 
lar population in which low-mass x-ray 
binaries reside. 

Low-mass x-ray sources undergo occa¬ 
sional extreme flare-ups, or x-ray bursts, 
which have yielded a great deal of in¬ 
formation about these systems. Within 
a few seconds of the beginning of a 
burst, the object*s x-ray brightness in¬ 
creases by a factor of 10 or more, peaks 
for a few seconds to a few minutes and 
then decays to the original level in about 
a minute. X-ray bursts recur irregularly 
every few hours or so. 

Researchers have deduced that the x- 
ray bursts result from runaway nuclear 
fusion reactions in the gas accreted 
onto the surface of a neutron star. Be- 
tw^een bursts, new matter flowing from 
the companion star replenishes the nu¬ 


clear fuel. That steady accretion gives 
rise to the persistent emission of x-rays 
seen between the bursts. Despite the 
spectacular nature of the bursts, low- 
mass x-ray binaries emit more than 90 
percent of their total energy during 
times of quiescence—a testimony to the 
great efficiency of accretion compared 
with fusion. 

X-ray bursts occur only in low-mass 
binary-star systems and x-ray pulses al¬ 
most solely in high-mass ones; not a 
single system displays both forms of be¬ 
havior. The critical factor responsible for 
this disparity is probably the strength of 
the neutron star's magnetic field. High- 
mass x-ray binaries must contain neu¬ 
tron stars having powerful magnetic 
fields, capable of generating easily de¬ 
tectable pulsations. Neutron stars in 
low-mass x-ray binaries seem to pos¬ 
sess far weaker fields. This explanation 
is bolstered by theoretical models indi¬ 
cating that a powerful magnetic field 
would inhibit the nuclear instabilities 
that produce x-ray bursts. 

The disparate characteristics of low- 
mass and high-mass x-ray bmaries un- 
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MAGNETIC HELD of a young neutron star prevents infalling gas from reaching the 
star's surface, except at the two magnetic poles. Two hot, x-ray-emitting columns 
of gas, each about a kilometer across, collect at the neutron star's poles. The star's 
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regular pulses of x-rays as the magnetic poles rotate in and out of view. 
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LOW-MASS X-RAY BINARY initially con¬ 
sists of a neutron star pullmg material 
from its companion (a). Tlie iow-mass 
star is an elderly subgiant having a 
dense, inert helium core. The transfer of 
mass causes the stars’ orbit to widen. At 
the same timep the low-mass star stead¬ 
ily expands and cools as it evolves {b). 
The neutron star gradually consumes 
the subgiant's outer envelope {c>. The 
exposed hehum core (now considered a 
white dwarf) remains in a circular orbit 
around the neutron star (d). The rotat¬ 
ing neutron star is now a millisecond 
pulsar that emits pulses of radio waves 
but no x rays- (This scenario is based 
on calculations by Paul C Joss and Saul 
A, Rappaport of M.I.T.) 


derscore the very different ways in 
which these systems must have formed 
and evolved. Almost immediately after 
the discovery of high-mass x-ray bina¬ 
ries in 1971, workers recognized that 
such objects represent a normal stage in 
the evolution of close double-star sys¬ 
tems in which both objects have more 
than a few times the mass of the sun. 
The more massive star quickly con¬ 
sumes its fuel and expands into a bloat¬ 
ed red giant, whose outer layers spill 
over onto the companion star, expos¬ 
ing the red giant's helium-rich center. A 
few hundred thousand years later, this 
helium star explodes as a supernova, 
shedding much of its outer mass; its 
remnant core collapses into a neutron 
star. The neutron star attracts gas from 
its companion and becomes a source 
of x-rays. 

The formation of a low-mass x-ray 
binary involves a more specialized set 
of circumstances. Some of these bina¬ 
ries could have started out as a mas¬ 
sive star and a stellar lightweight orbit¬ 
ing each other. The small companion 
star would have too little gravitv^ to cap¬ 
ture material from the primary star, so 
its mass would not appreciably increase. 
When the primary arinihilates itself as 
a supernova, much of the system’s mass 
would escape into interstellar space. In 
most cases, that loss of mass would 
disrupt the binary and send the two 
stars sailing off on separate courses, hi 
the rare instance in which the stars re¬ 
main bound to each other, they could 
evolve into a low-mass x-ray binary. 

There is also a gentler way by which 
a neutron star may form next to a low- 
mass star. If the prim ar y^ star initially 
has less than eight times the mass of the 
sun, it will not blow up. Instead it will 
produce a white dwarf, a stellar cinder 
far denser than a normal star but much 
less so than a neutron star. In a white 
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Evolution of a High-Mass X-ray Binary 
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MASSIVE X-RAY BINARY contains a bright 
blue star and an accreting neutron star 
(a). The blue star expands until its out¬ 
er envelope engulfs both its hidium-rich 
core and the neutron star (b). The orbit¬ 
al motion of the two stars inside the en¬ 
velope heats the envelope and blows it 
away, leaving behind a hehum star and 
a radio pulsar (c). If the helium star has 
more than 2.S solar masSes, it explodes 
as a supernova (d) and forms a second 
pulsing neutron star. The explosion may 
disrupt the system <ci); otherwise, the 
result is two neutron stars locked in a 
rapid, highly eccentric orbit (e2). Less 
massive hehum cores do not explode; 
they end up as white dwarfs in circular 
orbits about the neutron star. 


dwarf the starLs gravity has crushed its 
constituent atoms into a soup of elec* 
trons and nuclei; a white dwarf having 
the mass of the sun would be about 
the size of the earth. 

As the low-mass star evolves, it will 
gradually expand; if the two stars are in 
a dose orbit, gas from the low-mass star 
will acaete onto the surface of the white 
dwart', 'fhe mass of the white dwarf may 
eventually exceed a critical value, about 
1.4 solar masses. At that point, the 
dwarf star collapses into a neutron star. 
This kind of quiet collapse ejects very 
little material, so the system can remain 
tightly bound. Later, the stars spiral in 
closer toward each other, accretion be¬ 
gins and the system becomes a low- 
mass x-ray binary. 

In such binaries, the neutron star's 
gravity exerts a strong pull on its much 
larger but less massive companion. The 
combination of gravitational and centri¬ 
fugal fortes gives rise to a pear-shaped 
region of stability, called a Roche lobe, 
surrounding the low-mass star. Any 
material lying outside the Roche lobe 
will flow toward the neutron star. The 
transfer of material causes the distance 
between the two stars to increase if the 
mass-losing star is the less massive of 
the two, as is the case in low-mass x- 
ray binaries. When the size of the or- 
bit increases, so does the size of the 
Roche lobe. Once the lobe grows bigger 
than the companion star, the flow of 
matter ceases and the neutron star 
stops emitting x-rays. Evidently, some 
mechanism acts to keep feeding gas to 
the neutron star. 

In one class of low-mass x-ray bina¬ 
ries—tightly bound systems whose pe¬ 
riods are less than about 10 hours—the 
flow of gas is maintained by a steady 
shrinking of the stars’ mutual orbit. As 
the stars orbit, they shed gravitational 
wwes that carry off angular momentum, 
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which causes t±ie stars to draw closer 
together. That effect negates the tenden¬ 
cy of mass transfer to move the stars 
apart. The stars uitimately settle into a 
slowly shrinking orbit in which a steady 
trickle of gas migrates from the com¬ 
panion to the neutron star. In this way, 
the neutron star accretes about one 
thousandth of an earth mass each year, 
sufficient to account for the observed 
luminosity of many low-mass x-ray bi¬ 
naries (about 3 X watt^). 

The brightest x-ray sources in the cen¬ 
tral regions of the galaxy emit about 10 
times that much energy. These bright 
objects constitute a second class of low- 
mass x-ray binaries that have relatively 
long orbital periods of about one to 10 
days. Such leisurely orbits imply that 
the separation between the two stars, as 
well as the diameter of the normal com- 
panion, must be (|ulte large. Here the 
flow of matter must result from the 
physical swelling of the companion star 
as a consequence of physical changes in 
its Interior. 

Such changes occur in the later evo¬ 
lutionary stages of a sunlike star. Hy¬ 
drogen fusion produces helium, which 
accumulates as a dense core; hydrogen 
fusion takes place in a shell around this 
core. As the star ages, the hydrogen- 
burning shell migrates outward, caus¬ 
ing the star’s outer envelope to expand 
and cool. That expansion more than 
compensates for the increasing dis¬ 
tance between the stars caused by the 
transfer of angular momentum. X-ray 
binaries having a period of about five 
to 10 days reach equilibrium if they ex¬ 
perience a mass transfer rate of about 
five thousandths of an earth mass per 
year, about the rate required to pow¬ 
er the bright sources around the galac¬ 
tic center. 

In 1982 a group of researchers— 
Ronald F, Webbink of the University of 
Illinois, Saul A. Rappaport of the Mas¬ 
sachusetts Institute of Technology, G. J. 
Savonije of the University of Amster¬ 
dam and Ronald E. Taam of Northwest¬ 
ern University—investigated the fate of 
these low-mass x-ray binaries. Their cal¬ 
culations predict that, regardless of Iheir 
initial traits, these systems always reach 
the same evolutionary end point. The 
giant star soon loses its entire hydro¬ 
gen-rich envelope: its naked helium core 
remains as a white dwarf containing 
between 0.25 and 0.45 solar mass. The 
stars’ final orbit is extremely circular 
because of the tens of millions of years 
of tidal interaction between the neu¬ 
tron star and its low-mass partner. 

After the supply of accreting material 
dries up, binary-star systems no long¬ 
er emit detectable amounts of x-rays. 
The last evolutionary stages of x-ray bi- 
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ROTATION OF NEUTRON STAR is strong¬ 
ly infiuenced by accretion in an x-ray bi¬ 
nary, The neutron star's magnetic field 
defines the inner edge of the surround¬ 
ing disk of matter, where gas falls onto 
the star. When the star is young, its field 
is strong, so the inner edge of llie disk is 
distant and comparatively slow-moving 
(a). As the magnetic field decays, the in¬ 
ner edge of the accretion disk moves in¬ 
ward (h). The star now accretes rapidly 
moving material that causes its rate of ro¬ 
tation to mcrease. By the time the accre¬ 
tion ceases, the neutron star may be ro¬ 
tating hundreds of times per second (c). 


naries nonetheless offer a fascinating 
gUmpse at w^hat happens to very old 
neutron stars. During these later phas¬ 
es, the neutron star's most distinctive 
emission is in the form of radio waves, 
not x-rays. 

In 1983, while working on the 300- 
meter radio telescope in Arecibo, Puerto 
Rico, Valentin Boriakoff, then at Cornell 
Unive^sit>^ Rosolino Buccheri of the Ital¬ 
ian National Research Council in Paler¬ 
mo and Francesco Fauci of the Univer¬ 
sity of Palermc] discovered the binary 


radio pulsar PSR1953-1-29. Its properties 
closely resemble those of the extinct x- 
ray binaries modeled by Webbink and 
his colleagues. The pulsar’s radio sig¬ 
nals displayed no signs of the eclipses 
or absorption produced by normal stars. 
The researchers recognized that the pul¬ 
sar’s companion must itself be a com¬ 
pact object. Because of its low mass, it 
is probably a white dwarf. 

O ne of the most surprising as¬ 
pects of PSR 1953-F29 is its pe¬ 
riod of radio pulsation: a re¬ 
markably swift 6.1 milliseconds, or 160 
rotations a second. At about the same 
time as the discovery^ of PSR 1953-1-29, 
Donald C. Backer of the University of 
California at Berkeley and his co-work¬ 
ers found another pulsar, PSR 1937+21, 
which has a period of only 1.6 millisec- 
onds. .Astronomers now recognize these 
objects as the prototypes of a category 
of rapidly spinning neutron stars known 
as millisecond pulsars. 

The inferred history of x-ray binaries 
made it clear why these pulsars spin so 
quickly. In low-mass x-ray binaries (and 
in many massive x-ray binaries as well), 
orbital motion prevents matter from 
falling directly onto the neutron star. In¬ 
stead it goes into orbit about ihe star, 
forming an accretion disk. Material from 
the disk’s inner edge falls onto the neu¬ 
tron star. During the later stages of ac¬ 
cretion, that infalling material greatly 
speeds up the star’s rotation. 

Nearly all binary^ radio pulsars pos¬ 
sess companions that have evolved 
into wltite dw^arfs or neutron stars. At 
some stage, those companions were gi¬ 
ants that overflowed their Roche lobes 
and dumped matter onto the neutron 
stars, increasing the stars’ rate of rota¬ 
tion. During that time, the double stars 
would have appeared as x-ray binaries. 
After the companion star lost its outer 
layers and the accretion process ceased, 
a naked millisecond pulsar remained. 

The pow'er of a pulsar's radio emis¬ 
sion varies in proportion to the fourth 
power of the rale of rotation. Millisec¬ 
ond neutron stars can be detected only 
because they were ’'spun up" by their 
companions during the x-ray binary 
phase. Radio pulsars that acquired their 
rapid rotation in this way are now 
called recycled pulsars, a term suggest¬ 
ed by V. Radhakrishnan of the Raman 
Research Institute in Bangalore, India. 

Starting in 1987, a number of obser¬ 
vers—in particular, groups led by An¬ 
drew' G. Lyne of the University of Man¬ 
chester, Shrinivas R. Kulkami of the 
California Institute of Technology^ and 
Alexander Wolszczan of Pennsylvania 
State IJniversiw—have found that glob¬ 
ular clusters are incredihly rich hunl- 


44 SciENTinc American November 1993 





ing grounds for binary and millisec¬ 
ond pulsars. Studies of globular clus¬ 
ters have already revealed 32 radio pul¬ 
sars; 70 percent of these pulsars rotate 
in less than 10 milliseconds, indicat¬ 
ing that they are recycled. This celestial 
bounty^ results from the extremely dense 
nature of globular dusters. In their cen¬ 
tral regions, these dusters may contain 
more than 10,000 stars per cubic hght- 
year, a million times the density of stars 
in the sun's corner of the galaxy . Under 
such crowded conditions, neutron stars 
face good odds of passing dose to and 
capturing a stellar companion. Globu¬ 
lar dusters harbor 200 to 1,000 times 
as many x-ray binaries per million stars 
as does the galaxy as a whole. 

In addition to the binary pulsars dis¬ 
cussed thus far, astronomers have 
identified another rarer class of such 
objects that have substantially differ¬ 
ent characteristics. Their orbits often 
are extremely eccentric and their com¬ 
panions contain 0.8 to 1.4 times the 
mass of the sun. These objects proba¬ 
bly arose from high-mass x-ray binaries 
in the following way. 

In massive x-ray binaries, accretion 
causes the two stars to spiral ever clos¬ 
er together (the opposite of the situa¬ 
tion for low-mass x-ray binaries). That 
process, combined with the swelling of 
the companion star as it evolves, caus¬ 
es the companion to overflow its Roche 
lobe completely, engulfing the neutron 
star. Frictional drag quickly sends the 
neutron star spiraling in toward its com¬ 
panion. At a certain point, the friction 
generates so much heat that it drives 
off the gaseous hydrogen envelope. 
What remains is the neutron star in a 
close orbit around the stripped core of 
the companion, which consists of heli¬ 
um and heavier elements. 

If the heavy-dement core is sufficient¬ 
ly massive, it will later detonate into a 
supernova and produce a second neu¬ 
tron star. The force of the explosion and 
the precipitous loss of mass cause the 
stars' orbit to become highly elliptical; 
in many cases, the stars break free en¬ 
tirely to become runaway radio pulsars. 
If the orbit survives, the neutron stars 
follow their eccentric courses almost 
forever; over the ages, their orbits will 
slowly narrow because of the emission 
of gravitational waves. One of the most 
thoroughly studied binary pulsars, PSR 
1913-hl6, consists of two neutron stars 
that race through a highly elliptical orbit 
once every seven hours and 45 minutes. 
This system's extreme properties allow 
it to serve as a sensitive test-bed for 
many aspects of Einstein's theory of 
relativity, as Joseph Taylor of Princeton 
University has beautifully demonstrated 

Recent studies of hinaiy pulsars have 


overturned a long-standing idea about 
how neutron stars change over the eons. 
Based on statistical analyses of pulsars, 
most astronomers concluded that a neu¬ 
tron star's magnetic field decays with¬ 
out any outside assistance and in due 
time vanishes completely. The existence 
of recyded pulsars proves, however, 
that some magnetic field persists even 
in extremely old systems. Moreover, the 
companion stars in binary pulsars of¬ 
fer a way to determine just how old 
those stars are. 

Three of the millisecond pulsars have 
observable white dwarf companions, 
which serve as natural chronometers. A 
white dwarf steadily radiates away the 
heat left behind from its days as the 
core of a red giant star. Over the eons, 
white dwarfs grow progressively cooler 
and redder; the color of a white dwarf 
therefore betrays its age. 

In 1986 Kulkarni measured the color 
of the white dwarf companion to PSR 
0655-t64 and concluded it must be at 
least 500 million years old. Using sim¬ 
ilar reasoning, three sets of research¬ 
ers—J. F. BeU of the Mount Stromlo and 
Siding Spring Observatories and his 
colleagues; John Danziger of the Eu¬ 
ropean Souffiern Observatory and his 
co-workers; and Charles D. Bailyn of 
Yale University—determined that the 
white dwarf' in the binary pulsar system 
PSR J0437-4715 is about two biUion 
years old. The pulsars in these systems 
must be considerably older because 
they would have formed long before 
their companions evolved into white 
dwarfs, yet they retain substantial mag¬ 
netic fields. Otherwise, they could not 
be detected. 

R ecent work by Frank Verbunt, 
Ralph A.M.J. Wijers and Hugo 
Burm of the Center for High-En¬ 
ergy Astrophysics in the Netherlands 
further demonstrates the persistence of 
neutron-star magnetic Helds. The re¬ 
searchers studied three anomalous, 
low^-mass x-ray binaries that also are x- 
ray pulsars, indicating that they each 
contain a strongly magnetized neutron 
star. No matter how a neutron star 
originates, it always loses at least a few^ 
tenths of a solar mass in the form of 
neutrinos. When this happens, the bi¬ 
nary system widens, shutting off the 
flow of gas. Accretion cannot occur until 
the binaiy-' system has shrunk through 
the emission of gravitational radiation 
or until the companion star has begun 
to evolve into a giant. 

Both these mechanisms take consid¬ 
erable time to take effect. This knowl¬ 
edge allowed Verbunt and his co-work¬ 
ers to set lower limits to the ages of 
the accreting neutron stars in low-mass 


x-ray binary pulsars. In the case of Her¬ 
cules X-1, they found that the strong¬ 
ly magnetized neutron star is at least 
500 million years old. Neutron stars' 
magnetic fields evidently do not spon¬ 
taneously decay, at least not on such 
time scales. 

And yet the magnetic fields of al¬ 
most all binary radio pulsars are 100 to 
10,000 times weaker than those of nor¬ 
mal, youthful radio pulsars, regardless 
of whether the binary^ pulsar descend* 
ed from a high-mass or a low-mass x- 
ray binary. The weakness of their fields 
seems to be attributable to some fac¬ 
tor that aR binary pulsars have in com¬ 
mon. The most obvious common fac¬ 
tor is accretion. In 1986 Taam and one 
of us (van den Heuvel) proposed, on 
observational grounds, a link between 
field decay and the accretion process. 
Theorists have recently advanced sev¬ 
eral models to explain the details of 
this relation. 

One model holds that newly accreted 
layers on the surface of a neutron star 
form an electrically conductive layer that 
allows only a small fraction of the star's 
magnetic field to reach the outside. An¬ 
other possibility, recently proposed by 
G. Shrinivasa of the Raman Research 
Institute, is that it is the gradual slow¬ 
ing of a neutron star's rotation that caus¬ 
es its magnetic field to dissipate. Such 
deceleration occurs before and during 
the early stages of accretion. Once the 
magnetic field has weakened below a 
critical threshhold, the action of accre¬ 
tion reverses the spin-down trend, but 
that infusion of rotational energy can¬ 
not restore the magnetic field to its orig¬ 
inal strength. 

In any case, there is every indication 
that millisecond radio pulsars will re¬ 
tain their Helds and continue to pulse 
untold billions of years into the future. 
Thus it happens that long after their 
era of flamhoyant x-ray emission, x-ray 
binaries settle dovm to become some 
of the most steady, unchanging entities 
in the cosmos. 
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Science IN Pictures 


The Art of Boris 


A compelling mid-20th century vision 
of the machines of war and peace 


by Domenic J* racono 


A generation of magazine readers during and immediately following World War 
II fell under the spell of the anthropomorphic machines created by Boris 
X V Artzybasheff. Artzybasheff liked machines. He admired their power to take 
on the labor men and women had toiled under for centuries, ‘1 would rather watch," 
he explained, *'a thousand-ton dredge dig a canal than see it done by a thousand 
spent slaves lashed into submissiorL" But he was troubled by the other side of hu¬ 
manity's affair with machines—the destruction it worked with its inventions. 

Born in 1899 in Kharkov, Ukraine, Artzybasheff came of age during the Rus¬ 
sian Revolution. In 1919, after five months of fighting the Communists with the 
Ukrainian army, he escaped to the Black Sea, where he boarded a ship headed for 

Conlinued on page 76 


Artzybasheff 


JAPANESE BATTLESHIP plows ahead as an admiral stands amidships, representing 
the vessel's bridge. A seated figure in a top hat, easily identified by the American 
public as Emperor Hirohito, bolds an antenna. Published shortly before tbe attack on 
Pearl Harbor (in the November 3,1941, issue of Life), Artzybasheff's pre¬ 

sents the Japanese as a less than formidable enemy. The sharklike bow of the ship 
with a bone clenched in its teeth appears more Uke a canine retrieval stunt than a 
serious threat. The front gun turret with its twiddling thumbs, the fishing-pole crane 
and the birdlike plane ail work to portray a humorous rather than sinister interpre¬ 
tation, Considered by some to be a racist portrayal, this image neatly lit the propa- 
gandistic treatment of Axis forces in the American media. 

Before the first naval encounters of World War ll, military establishments sup¬ 
ported the concept of heavily armed and armored warships. The Japanese battle¬ 
ships Yamato and Musashif with 18-inch guns and nearly 70,000-ton displacements, 
were the largest ever built (both ships were sunk by U,S. bombers). 
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Jet Propulsion Buzz Bomb, 1944 


BUZZ BOMB, or V-1, was a small, pilotless airplane that 

used a jet engine to propel its payload of explosives. The 
Germans launched more than 18,000 of ^ese drones 
between June 1944 and March 194S. The weapon, in¬ 
tended as a reprisal for the Allied air attacks against 
German cities, was aimed at England and at Allied posi¬ 
tions on the continent. The American public, never the 
target of a missile attack, could only imagine the fear 
and consternation engendered by the approach of these 
strange whistling bombs. 

The buzz bomb as conceived by Artzybasheff pos¬ 
sessed two distinguishing features: a shrill whine and 
long contrails that marked its night path. The motor 
rides atop the bomb like a humanized jet engine hell¬ 
bent on destruction. Its signature high-pitched whine is 
clearly suggested by the open-mouthed air Met, while 
the narrow stream of exhaust is enclosed within the 
airy veils of contrails that are stirred by high-aititude 
winds. The painting was published with a collection of 
Artzybasheff’s other anthropomorphic war machines 
in his book As I See (Dodd, Mead & Company, 1954). 


Tank ,1941 
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Barrage Balloons, 1941 


THE TANK entered the military’s inventory 
during World War I, but it was in World War n 
that it became a dreaded weapon. In September 

1939 the Germans defeated Poland with their 
blitzkrieg of tanks and dive-bombers, and in 

1940 Hitler’s heavily armored panzer divisions 
overran Belgium, the Netherlands and France, 
The speed, agility and destructive capability 
of the tank became dramatically dear when 
the Germans quickly defeated the numerical¬ 
ly superior French and British forces. When it 
first appeared in life magazine, ArtzybashefiTs 
Tank was not specifically identified as an ene¬ 
my weapon, but the advance of German tank 
columns in Europe and Africa dominated the 
news. And the high-stepping legs (treads) re¬ 
minded readers of the goose-step marching of 
German troops, while the cowering antitank 
guns were interpreted as the ineffective French 
forces stationed beyond the Maginot line. 


IXJMENIC J. lACONO is assistant director and 
curator of collections of the University Art Col¬ 
lection at Syracuse University. A speci^st in art 
created m America during the Great Depression, 
he holds a master of arts degree from Florida 
State University. In 1992 he organized an exhi¬ 
bition of Boris Artzybasheff’s work, "War News 
and Strange Brews." 



BARRAGE BALLOONS were developed as part of defensive systems intended to pro¬ 
tect key military and government installatioos and densely populated areas. Cap¬ 
tive and nonpowered, the balloons were tethered to the ground by thin , multiple 
wires contrived to deter low-flying airplanes. Artzybasheff depicted these lighter- 
than-air aircraft as floating figures whose arms and legs serve as fins and stabilizers; 
the outlet valves of the balloons appear as mouths gasping for air. In addition to 
the humanizing forms given these defensive weapons, Artzybasheff has also cre¬ 
ated an anthropomorphic machine with a psychological aspect. Barrage balloons 
were sacrificial safeguards: when successful in their mission, they were often de¬ 
stroyed. The fadal features, pudgy bodies and almost melancholy postures evoke an 
air of resignation to their assigned task. 


PROPAGANDA was used as a tactical de¬ 
vice by both Axis and Allied countries 
during World War A. The Nazi Ministry 
of Propaganda targeted at Allied troops 
broadcasts by English-speaking announc¬ 
ers playing American music, hi the U.S., 
the Office of War Information concen¬ 
trated on developing leaflets that were 
distributed in German-occupied lands 
to counter the Nazi propaga^a. Artzy- 
bashefTs portrayal of propaganda as a 
two-headed monster with loudspeakers 
blaring false reports and slander from 
fingertip microphones was targeted at 
European enemies. The figure’s arms are 
raised in the Nazi, Fascist and Commu¬ 
nist salutes; its legs, protected by insula¬ 
tors, draw power from the electric lines 
on which it stands. 



Radio Propaganda, 1941 













Executive of the Future, 1952 

ROBOTIC EXECUTIVE was one of the art¬ 
ist’s first published fomys into the white 
collar domain, where the computer was 
emerging in the early 1950s as the office 
machine of the future. The executive, 
which appeared in a 1952 issue of Es¬ 
quire, had four arms to handle the com¬ 
mon work load of a typewriter keyboard, 
telephone, push-button and toggleswi tch 
operations, and changes in mental pro¬ 
cesses. Pressure gauges and warning 
lights control its cold calculations. 


Telephone Executive, 1952 

CANTANKEROUS BUSINESSMAN, accus- 
tomed to command, has been fashioned 
from the receiver of a rotary telephone. 
Dressed in a three-piece suit, he lounges 
back against the dial and barks instruc¬ 
tions to a subordinate, emphasizing his 
point with an index finger. Ashes from 
a cigar float unnoticed onto the mouth¬ 
piece. The itnplicatiou is of a rude, com¬ 
placent and inattentive (he is depress¬ 
ing the switch hook with his right arm) 
executive who is talking merely to hear 
himself talk. The drawing appeared in 
Artzybasheff’s book I See, 


Continued from page 46 
New York, He spent his 20th birthday 
on EUis Island. The young artist soon 
found employment in New York City as 
an engraver, fashioning labels for beer 
and medicine bottles, and began to es* 
tabUsh a reputation for creative design. 
Some of his early commissions includ¬ 
ed stage sets for the Ziegfdd Theater 
and Michel Fokine’s Russian Ballet and 
a mural for a 57th Street speakeasy. 
Eventually he turned his attention to 
illustrating books, for which he won 
many awards, including the John New- 
bery Award from the American Library 
Association. 

In 1940 the editors of Fortune asked 
Artzybasheff to develop a cover for the 
magazine. It was this painting of a Jap¬ 


anese soldier standing before a large 
sculpted head of the Buddha that at¬ 
tracted the attention of the editors at 
Time magazine. They were assembling 
a cadre of illustrators to originate cov¬ 
ers portraying a different headliner each 
week. During the next 25 years, until his 
death in 1965, Artzybasheff coitjured up 
more than 200 covers for Time; they in¬ 
cluded portraits of Stalin, King George 
VI, Hitler, MacArthur, Truman, Mao Tse 
Tung and Ho Chi Miiih. 

Perhaps the most compelling forms 
of ArtzybashefCs art, however, are his 
paintings and drawings of humanized 
machines and mechanized humans. 
These pictures, which often border on 
the surreal , display a keen sense of how 
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the machine works and what human 
task it was meant to replace. The imag¬ 
es of animated weapons of war and t>T- 
anny that he made for Life magazine 
showed how men can create monsters 
that personify the human capacity^ for 
destruction. When asked about his ideas 
on war and weaponry, Artzybasheff re¬ 
plied, 'M try to shake this thought off: 
it may be that a healthy planet should 
have no more life upon it than a well- 
kept dog has fleas; but what possesses 
the flea to concoct its own flea-powder?” 

Artzybasheff's paintings display an 
attention to detail and process that was 
similar to an engineer’s apprfjach to de¬ 
vising a machined component* He kept 


Foreign Correspondent, 1964 


extensive notes on his ideas, techniques 
and formulas for mixing the opaque wa- 
tercolors, called gouache, that he used. 
He even notated his preparatory sketch¬ 
es, constantly matog revisions and 
adaptadons. Often Artzybasheff would 
build his painting from a base of de¬ 
tailed drawings <he called them skele¬ 
tons) that were then layered with skins 
of color to develop the final execution 
of the painting* Components were fre¬ 
quently made up separately and then 
brought to the composition in their fin¬ 
ished form. The result was a picture 
that embodied the imaginative vision 
of an artist who was justifiably labeled 
the master of the machine age. 


FOREIGN CORRESPONDENT, originally 
painted as a cover illustration for Dare- 
fine magazine in 1964, reflected the im¬ 
portance of the media in the cold war 
period of the 1950s and 1960s. Com¬ 
posed of a camera attached to the wings 
of an aircraft flying over the major capi¬ 
tal ddes of the world, AitzybashefFs im¬ 
age of a correspondent depicts the me¬ 
dia's ability to convey infonnation from 
far-reaching sources in a dmely and ob¬ 
jective manner* The pencil and notepad 
suspended on the camera's strap alluded 
to the personal or subjective nature of 
the correspondent's approach to news 
events and issues. The subtle rendering 
of martini and highball glasses covering 
the globe was ArtzybashefTs humorous 
suggestion of the way in which reporters 
often get their leads, stories and the all- 
important exclusive. 
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High-Power Electronics 

A new generation of silicon switches enables power 
grids to meet the needs of utility customers 
with high efficiency and reliability 

by Narain G. Hingorani and Karl E. Stahlkopf 


C onsumers of electricity are de¬ 
manding customers. The silicon 
chips that now pa^de daily life, 
bringing sophisticated behavior to ev¬ 
erything from toasters to machine tools, 
are highly vulnerable to irregularities in 
their electrical diet. A loss of power for 
a single cyde of alternating current, one 
sixtieth of a second, can make comput¬ 
er screens go blank or interrupt other 
sensitive electronic equipment. At the 
same time that users of electric power 
demand quality, they also want more 
power. As a result, transmission net¬ 
works are being pressed closer to their 
operating limits. Yet a range of prob¬ 
lems hobbles expansion, and power 
transfers from one part of the country 
to another challenge the network's ade¬ 
quacy. All these factors increase the 
risk of instability and even blackout. 

To avoid such problems, the engi¬ 
neers who manage the transmission of 
electric power must act with extreme 
caution. They operate the power grid 
well below its theoretical maximum 
capacity. Ihe strategy reduces the pos¬ 
sibility that a sudden, unforeseen in¬ 
crease in demand or loss of capacity 
might cause overloads that would rlp- 


NAkAIN G. HINGORAhJT and iC^RL E. 
STAHLKOPF conduct research on trans¬ 
mission and distribution of electricity 
at the Electric Power Research Institute 
in Palo Alto, Calif Hingorani, EPRI's vice 
president for electrical systems* has been 
studying power transmission systems at 
the institute for nearly 20 years. He re¬ 
ceived a bachelor's degree in electricaJ 
engineering from Baroda University in In¬ 
dia and a doctorate from the University 
of Manchester in England and was elect¬ 
ed as a fellow of the National Academy 
of Engineering in 1988. Stahlkopf is di¬ 
rector of EPRI's electrical systems divi¬ 
sion. He has worked at the institute since 
1973. He received bachelor's degrees in 
electrical engineering and in naval science 
from the University of Wisconsin and a 
doctorate in nuclear engineering from 
the University of California, Berkeley. 


pie outward until they engulfed a signi¬ 
ficant portion of the nation's transmis¬ 
sion network. On the infamous night of 
November 9,1965, for example, a black¬ 
out struck most of the northeastern U.S, 
and parts of Canada. Utilities must also 
maintain large reserves of generating 
capacity as a safety margin against such 
contingencies. 

The traditional equipment does not 
make the job any easier. When engineers 
switch in additional generating equip¬ 
ment or otherwise cope with failures or 
changing demand, they rely on massive 
electromechanical switche s—e s sential - 
ly enormous cousins of the household 
circuit breaker—that take several AC 
cycles to tom on or off\ These switches 
introduce their own electrical noise and 
potential instabilities into the system. 
They cannot be used to make the con¬ 
tinuous, fine adjustments that full uti¬ 
lization of power transmission capacity 
would require. 

The development of high-voltage sili¬ 
con switches may provide utilities with 
a technology that enables them to cope 
effectively with economic constraints as 
they meet the needs of their customers. 
These switches are the basis of control 
systems that can guide the flow' of mega¬ 
watts as rapidly and efficiently as inte¬ 
grated drcuits handle microwatts. They 
can fend off cascading power intcrmp- 
tions and significantly increase the us¬ 
able capacity' of many transmission hues. 
Indeed, they open up avenues for con¬ 
trolling the distribution of power that 
could not be exploited by their electro¬ 
mechanical predecessors. Utilities using 
them will be able to deliver more power 
of better quality while reducing trans¬ 
mission losses and thus the amount of 
energy they must generate. 

T he troubles that power transmis¬ 
sion systems experience today go 
back to the roots of the industry^ 
and the conflict that raged a century ago 
between Thomas Edison and George 
Westinghouse: direct versus alternating 
current In DC systems, decirical charge 
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flows in only one direction: from pro¬ 
ducer to consumer. In AC systems, the 
flow of charge reverses itself many 
times each second; a terminal that had 
a positive potential a fraction of a sec¬ 
ond ago may now have a negative po¬ 
tential (and will have a positive one in 
another fraction of a second). A simple 
generator, consisting of a coil rotating 
in a magnetic field, will produce alter¬ 
nating current because the relative ori- 
entation of the coil and the magnetic 
held reverses with every half rotation. 

Edison chose direct current for his 
first power plant, built to hght lower 


Manhattan in 1882. DC at low voltage 
was safe, reliable and easy to control. It 
was also very inefficient: low voltage 
meant high current, and resistive loss¬ 
es increase as the square of the current 
transmitted. As a result, powder plants 
could not serve customers who lived or 
worked more than a few miles away. 

These limitations prompted Westing- 
house to push for alternating current, 
which could be converted by transform¬ 
ers to high voltages for efficient trans¬ 
mission and then back to lower levels 
for safe use* (A transformer consists of 
two interwound coUs; an alternating 


ELECTRICAL SUBSTATION in San Jose, 
Calif., transforms power from a SOO- 
kilovolt long-distance transmission line 
to 230 and IIS kilovolts for more local 
distribution. Utility managers operate 
such fadHdes and their associated trans¬ 
mission lines at a fraction of their po¬ 
tential capacity because conventional 
switching equipment cannot react quick¬ 
ly to unanticipated disturbances. Solid- 
state power devices, wtdeh are able to 
respond much faster to outages or to 
sudden changes in voltage, could in¬ 
crease the capacity of many transmis¬ 
sion lines and distribution systems by 
as much as 50 percent. 

































DIRECT CURRENT 
735/765 KILOVOLTS 
500 KILOVOLTS 
345 KILOVOLTS 


POWER GRID ties together most of the U.S. and parts of Cana- phase of alternating current flowing through high-voltage 
da east of the Mississippi River (left). Other networks link the transmission lines, utility companies are able to move power 
rest of the and Canada. By adjusting the voltage and from one region to another. 


current of one voltage passing through 
the primaiy^ coil generates an alternat¬ 
ing current of another voltage in the 
secondary coO; the ratio between the 
two voltages depends on the number 
of turns in each coil.) 

Edison warned against the dangers of 
alternating current, which can be more 
hazardous than equivalent levels of di¬ 
rect current. The advantages of alternat¬ 
ing current became clear in 1896, how¬ 
ever, when a high-voltage transmission 
line began to carry current to Buffalo, 
N.Y., from the first hydroelectric power 
plant at Niagara Falls. Other high-volt¬ 
age links between widely separated load 
centers and power plants followed. To¬ 
day most of the IJ,S, and Canada has 
been tied to one of several highly inter- 
coimected AC power systems. 


Opponents of alternating current did 
have a point. AC power is more diffi¬ 
cult to control than is DC, Line voltages 
tend to rise or fall in complicated ways 
as loads change. Voltage instabilities are 
more hkely to get out of hand. These 
problems arise because AC generates 
changing electric and magnetic fields 
around the lines that carry it: these 
fields in turn affect the flow of current, 
ideally, the power flowing through an 
AC line consists of a series of waves of 
rising and falling voltage and current 
that reverse polarity' 120 times a sec¬ 
ond, in perfect sinusoidal rhythm. 

When the sine waves representing 
voltage and current at any given point 
in the transmission line rise and fall 
in synchrony, they are said to be “in 
phase"—that is, the phase angle be¬ 


tween them is zero. When a load is im¬ 
posed at one end of a line, current flows 
through the load (doing work and cre¬ 
ating heat in the process); this flow of 
electrical charge causes a slight drop in 
the line voltage, and so power flows 
from the higher-voltage end of the line 
to the lower-voltage one. 

The relation between current and 
voltage in a DC line depends only on 
the resistance of the cables. In a line car¬ 
rying AC, however, the relation is gov¬ 
erned by a complex quantity known as 
impedance. Impedance is akin to resis¬ 
tance but varies with frequency, II can 
alter not only the strength of an AC flow 
but also its phase. Coils, for example, 
have a form of impedance called induc¬ 
tive impedance that passes direct cur¬ 
rent untouched but acts as a barrier to 
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rapidly changing current flows. If a sud¬ 
den voltage is applied to a simple in¬ 
ductor, such as a coil of wire, tnitiaUy 
no current will pass; only after a char¬ 
acteristic time will the current flow 
build up to its full value. Consequently, 
voltage and current can get out of 
phase: voltage reaches its proper value 
on schedule, but the increase in current: 
is delayed. When the sinusoids of com¬ 
mercial AC pass through an inductor, 
the rise and fall of current lags the 
peaks and troughs of voltage. In addi¬ 
tion, overall voltage drops. 

Capacitors, devices that store electri¬ 
cal charge, display a form of impedance 
that operates in opposing fashion. They 
present htde hindrance to the passage 
of rapidly changing voltages but block 
the passage of direct current compiete- 
ly. Because capacitors act as reservoirs 
of electrical charge, they can allow large 
amounts of current to flow for a short 
time without an appreciable change in 
voltage. Hence, in AC systems, capaci¬ 
tance makes the sinusoids of current 
tend to run ahead of those of voltage. 

The amount of power transmitted 
through an AC line is simply the prod¬ 
uct of current and voltage. As a result, 
either kind of phase mismatch between 
voltage and current impairs capacity; it 
does not matter whether the sinusoids 
of voltage run ahead of the sinusoids 
of current, or vice versa. 

In a real power transmission system, 
these factors grow even more compli¬ 
cated. The impedance along any given 
path depends on the interaction be¬ 
tween the cables and other equipment 
and the changing electric and magnetic 
fields engendered by the power flow. 
Transformers and motors create induc¬ 
tive impedance, whereas capacitors and 
long, lightly loaded transmission lines 
create capacitive impedance. As power 
flows ch^ge in response to these dis¬ 
tortions, however, the magnitude of 
capacitive and inductive effects can 
ch^e with them, thus altering the mil- 
liseconds-earlier balance and causing 
power flows to change yet again. 

Controlling impedance is crucial to 
the proper distribution of power, but it 
is also very difficult. Once a transmis¬ 
sion line, transformer or motor has 
been built, its impedance is fixed and 
cannot easily be changed. The imped¬ 


ance of transmission lines can be 
changed in large steps by inserting ei¬ 
ther series capacitors or inductors in 
the line, but this process is time-con¬ 
suming and does not lend itself to the 
rapid conuol of electrical flows, 

T nteraction between impedance and 
I current subjects AC networks to 
several different kinds of degrada¬ 
tion. Among them are loop flow (the 
flow of current along unintended paths), 
large-scale instability (violent, uncon¬ 
trollable fluctuations in power flow), 
poor control of line voltage and small- 
scale instability in the face of rapid 
load changes. 

Loop flow occurs when many lines 
connect a power source and a load- 
hydroelectric plants in Ontario and air 
conditioners in New York City, say. 
Rather than taking the shortest physi¬ 
cal path, power will flow along the lines 
that offer the least impedance. Ontario 
power destined for Manhattan may flow 
through transmission lines as far west 
as Ohio and Kentucky^ Even though this 
distance may be physically longer than 
the “direct” path, impedance makes it 
appear much shorter in an electrical 
sense. The detour can be costly for the 
utilities whose lines carry the unwant¬ 
ed power, because the current passing 
through on its way elsewhere consumes 
transmission capacity that they could 
use to serve their own customers. 

Large-scale instability is a result of 
the way that power flows from point to 
point in high-voltage transmission net¬ 
works. Power always flows from areas 
with surplus capacity to areas with a 
deficit, but the number of megawatts 
transferred through specific lines de¬ 
pends on the impedance of the inter¬ 
vening lines and on the difference in 
phase between the sinusoids at the 
sending and receiving ends. The larger 
the phase difference, the more power is 
transferred. If the phase angle becomes 
too large, however, small phase shifts 
can lead to large changes in the magni¬ 
tude of the flow. The system becomes 
unstable, producing a disturbance that 
can result in a widespread blackout. 
Utilities limit the amount of power 
transferred over thetr high-voltage lines 
so that instabilities occur only rarely. If 
there were some way of damping sud¬ 


ALTERNATINGCURRENT transmission and distribution systems are subject to a 
variety of iBs, Outages (n), which can be either momentary or lengthy, can disrupt 
complex manufacturing processes. Voltage sags (i?) can also cause damage to de¬ 
vices that consume electricity. Subsynchronous resonance (c) can set up vibrations 
that destroy transmission and generation equipment. Phase mismatches between 
voltage and current (d) are generally not destructive, but they reduce the amount 
of power that can be transmitted from one location to another. Under extreme con¬ 
ditions, such reductions could cause blackouts. 


den fluctuations, however, power flows 
could be increased. 

In addition to thdr problems in regu¬ 
lating phase angle, utilities can have 
difficulties in maintaining a constant 
line voltage. A factory with many large 
motors, for example, places a substan¬ 
tial inductive load on the line. Inductive 
impedance tends to pull voltage dowTi, 
which can create problems for other 
customers connected to the same cir¬ 
cuit. Long lines that are only lightly 
loaded, in contrast, may see voltage rise 
above acceptable levels. Finafly, such 
events as lightning strikes, short cir¬ 
cuits on power lines or sudden shifts in 
loads cause voltage instabilities. Uncon¬ 
trolled, some of these disturbances can 
damage equipment or even cause full- 
scale blackouts. Usually, impedances in¬ 
herent in transmission systems quickly 
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bring the voltage back to normal, but 
sometimes the combination of capaci¬ 
tance and inductance can amplify surg¬ 
es or ebbs. Indeed, if subjected to cer¬ 
tain kinds of periodic disturbance, a 
power system may exhibit subcycle res¬ 
onance, in which it sustains alternating- 
current waves at frequencies in addi¬ 
tion to the standard 60 cycles per sec¬ 
ond. Interactions between the normal 
power frequency and these spurious 
frequencies can set generators vibrat¬ 
ing with enough energy to tear apart 
steel shafts three feet in diameter, 

D isturbances in transmission sys¬ 
tems are complex in cause and 
symptomology, but the effect 
on utility customers is invariable: lost 
work, disrupted manufacturing proces¬ 
ses and damage to valuable equipment. 
Even the shortest of glitches can be eX’ 
ceedingly costly. In a recent survey of 
several Industries, workers at Westing- 
house found that an outage of just five 
cycles—83 milliseconds—cost a glass 
plant $200,000; an outage of little more 
than five minutes cost a semiconductor 
manufacturer $500,000. They estimate 
that such losses total between $3 bil¬ 
lion and $5 billion annually in the U.S, 
To avoid such outages, many compa- 
nies are investing in their own power- 
conditioning equipment. Such equip¬ 
ment ranges from uninterrup tible pow¬ 
er supplies (UPS), which can provide 
enough energy to ride through short 
outages, to full-scale generation facili¬ 
ties that offer complete backup power 
for a plant. Unfortunately, current UPS 
technology is Inefficient: betw^een 10 
and 20 percent of the energy that flows 
through such a device is lost. An esti¬ 
mated three bilhon kilowatt-hours go 
to waste every year, at a direct cost of 
more than $100 million (not to men¬ 
tion the indirect costs of burning addi¬ 
tional fossil fuels and building new 
power piants and transmission lines). 

In search of a way out of the choice 
between costly outages and wasted en- 
ergy^ engineers turned to semiconduc¬ 
tor technology^ For the past tw^o de¬ 
cades, they have been developing high- 
voltage, high-power electronic devices 
known as thyristors. These components, 
disks of silicon a few inches in diame¬ 
ter and a fraction of an inch thick, can 
carry many hundreds and even thou¬ 
sands of amperes of current at poten¬ 
tials of thousands of volts. Furthermore, 
by acting in a small fraction of an AC 
cycle, they can prevent instabilities from 
damaging equipment or causing out¬ 
ages. A thyristor switch, for example, 
can cut off a failing power line and bring 
in a backup source without interrupt¬ 
ing the altemating-ciirrent waveform. 


How Thyristors Work 

S olid-state power control starts with the silicon-controiled rectifier, the sim¬ 
plest kind of thyristor {left). A positive voltage applied to the gate of an 
SCR at the beginning of an AC cycle will cause it to conduct as long as the volt¬ 
age at the anode is higher than the voltage at the cathode. {In general, current 



Thyristor-based systems can control 
impedance, voltage, current and phase 
angle in ways that would be impossible 
with mechanical switches. 

These devices can improve the flexi¬ 
bility of transmission networks by en¬ 
abling utilities to increase the loading 
of lines that are now limited by con¬ 
cerns over loop flow, stability or other 
problems. Indeed, in some cases, such 
controllers may be able to double the 
capacity of crucial transmission corri¬ 
dors; utihties can thus defer the con¬ 
struction of new lines and power plants. 
The Electric Power Research Instimte, a 
collaborative research and development 
arm of U.S. utilities and several interna¬ 
tional affiliates, has coined the term 
“FACTS” (flexible AC transmission sys¬ 
tem) to cover the wide range of appU- 
cations for thyristor-based circuits. 

As do conventional transistors and 
integrated circuits, the new high-power 
devices depend on the conducting prop¬ 
erties of crystalline silicon doped with 
impurities. A typical transistor might 
consist of two layers of silicon doped 
with phosphorus or other elements that 
donate free electrons (negative, or n re¬ 
gions) separated by a layer doped with 
boron or other elements that accept 


free electrons (positive, or p regions). A 
small voltage applied to the p layer can 
change its conductivity and thus switch 
on or off the flow of current from one 
n layer to the other. 

In general, electricity flows across a 
junction betw^een the n- and p-type 
material when a positive voltage Is im¬ 
posed on the p side and a negative one 
on the n side* (Current in n regions is 
carried by electrons, which are nega¬ 
tively charged, and in p regions by pos¬ 
itively charged “holes” that represent 
the absence of an electron where one 
would normally be.) A single p-n junc¬ 
tion, a diode, permits current to pass 
in only one direction, from the p to the 
n region. Such devices are also called 
rectifiers because they can convert al¬ 
ternating current to direct current* 

Thyristors, the workhorses of power 
electronics, have four layers, arranged 
in a p-n-p-n configuration. The first p- 
n junction acts as a diode rectifier th^t 
controls the direction of current. The 
second is controlled by a gate and so 
acts as a switch: the voltage apphed to 
the gate (hence to the p layer) deter¬ 
mines whether the second junction— 
and thus the device as a whole—will 
conduct. The simplest form of thyris- 
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will flow across a junction between p-and rr-type semicon¬ 
ductors whenever the potential on the side is higher than 
the potential on the n side.) The gate turn-off (CTO) thyris¬ 
tor (center) can be turned on or off at any point in the AC 
cycle; applying a voltage to the gate diverts current from 


the junction between the p and n regions and so prevents 
the device from conducting. The MOS-controlled thyristor 
(MCT) is more efficient than are other kinds of thynstors 
but is significantly more complex (right). When the device 
is conducting, current flows through the thin p region im¬ 
mediately below the 
anode. To turn the de¬ 
vice off* one applies a 
voltage to the gate; 
the resulting electric 
field makes a small 
part of the ^-type ma¬ 
terial act like n-type 
material; the current 
thus flows around the 
p region, disrupting 
the thyristor’s conduc¬ 
tivity [far right, top). 
To turn the MCT back 
on, a voltage of oppo¬ 
site polarity is applied 
to the gate; this caus¬ 
es a thin n layer to act 
like ^-type materiaL 
Current flows through 
this layer to the p re¬ 
gion under the anode 
and establishes the 
conditions for normal 
conduction (far right, 
bottom). 
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tor, the silicon-controlled rectifier (SCR)* 
can he turned on by applying a positive 
voltage to its gate (and so to the buried 
p layer) when the voltage on the sur¬ 
face p layer is also positive. Current 
then flows through the entire device. 
Once a rectifier has been turned on, it 
will continue to conduct, regardless of 
the gate voltage* until the voltage on 
the surface p layer returns to zero. 

One step up in sophistication is the 
gate turn-off (GTO) thyristor, which can 
interrupt current at any point in the AC 
cycle. The second n layer in this device 
consists of multiple channels, aR em¬ 
bedded in the adjacent p layer. This p 
layer is controlled by a gate electrode* 
also divided into multiple channels: 
when there is no voltage on the gate, 
current flows from p to rr. A negative 
voltage on the gate sidetracks current 
from the n channels and thereby pre¬ 
vents current from dotving through the 
device, GTO thyristors are not yet in 
use; the Tennessee Valley Authority ex¬ 
pects to install units capable of con¬ 
trolling 100 megawatts on a transmis¬ 
sion line in 1995, 

Because they require that current 
pass through many narrow channels, 
GTO dei^ices are inefficient. They are 


also relatively expensive to build. Engi¬ 
neers have been working on other 
switch designs that will require much 
less control current and be able to turn 
current on or off more quickly. One 
such device is the MOS-controlled thy¬ 
ristor (MCT), It consists of convention¬ 
al integrated circuits (‘'metal oxide semi¬ 
conductor” devices) etched into the top 
surface of the silicon that forms the 
main part of the thyristor. When a volt¬ 
age is applied to the gate of the MOS 
circuit, the resulting electric held en¬ 
hances the conductivity of the buried 
p layer so that current can flow. MCTs 
are at a fairly early stage of develop¬ 
ment, Devices now reaching the market 
can control only 120 kilowatts and are 
being sold for industrial applications, 
UtRity-scale MCTs are expected to be¬ 
come available around 1997. 

A Ithough FACTS devices have clear 
theoretical advantages over the 
X V slow" electromedianical switch¬ 
es now used to operate high-current, 
high-voltage lines, many utilities are 
waiting for solid-state technology to be¬ 
come available and cost-effective be¬ 
fore adopting it on a wider scale. EPRl 
is now' working to demonstrate FACTS 


controllers in several key applications. 
First comes the solid-state subsynchro- 
nous damping scheme. Next is the thy¬ 
ristor-controlled variable capacitor sys¬ 
tem, which can reduce impedance on 
transmission lines and thus control and 
increase power flow. Fast-acting voltage 
regulators will be able to prevent volt¬ 
age fluctuations on hea\ily loaded lines. 
Finally, EPRl is promoting the use of 
phase angle regulators to reduce pow¬ 
er on transmission lines overloaded by 
loop flow. These devices can also in¬ 
crease flow on underutilized lines. 

Although power companies in west¬ 
ern states have employed fixed series 
of capacitors for years to reduce imped¬ 
ance on long transmission lines, util¬ 
ities in the rest of the countr^^ have 
avoided them because a line with too 
much capacitance is vulnerable to sub- 
synchronous resonance. Such low-fre¬ 
quency vibrations, once triggered, can 
damage generators and other equip¬ 
ment. Thyristor-controlled series capac¬ 
itors (TCSCs) avoid this danger, if pow¬ 
er fluctuates, the thyristor can change 
the period for which the capacitor is in 
the circuit. In this way, the device con¬ 
trols the impedance and damps the un¬ 
wanted resonance. 
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EPRI first demonstrated thyristor- 
based systems for voltage control and 
damping of power system oscillations 
in 1978. In 1985 the institute installed 
another system for damping subsyn- 
chronous oscillations on a 500-kilovolt 
transmission line belonging to South¬ 
ern California Edison. Each of these in 
turn allowed some increase in trans¬ 
mission capacity of these lines. 

In 1991, as part of the FACTS pro¬ 
gram, the American Electric Power Ser¬ 
vice Corporation tested a thyristor- 
based switch in part of a series capaci¬ 
tor bank installed on a 345’kilovolt line 
near Charleston, W,Va. Since then, the 
Western Area Power Administration has 
installed a similar capacitor system for 
testing at the midpoint of a 200-miie- 
long 230-kilovolt line in Arizona. The 
system increases power transfer on the 
line from 300 to 400 megaw^atts. The 
Bonneville Power Administration, with 
EPRI sponsorship, has now completed 
a much larger TCSC system, on a 500- 
kilovolt, 2,500-megawatt transmission 
line in north-central Oregon. This instal- 
lation, built by General Electric, consists 
of multiple small capacitor sections; 
each section contains its own thyristor- 
based controller so that engineers can 
tune capacitance to the precise level de¬ 
sired, The Bonneville Power Adminis¬ 
tration expects that the system will in¬ 
crease transmission capacity during 
springtime peaks. Indeed, preliminaiy^ 
studies indicate that an installation of 
this type could pay for itself in less than 
a year. Furthermore, the controller is 
designed in a highly modular fashion 
that will allow it to be adapted readily 
to other transmission lines. 

When the thyristor-controlled capaci¬ 
tor system begins operation late in 1993, 
the Bonneville Power Administration 
will conduct tests to determine whether 
precise control over capacitance current 
and power can in fact damp sub syn¬ 
chronous resonance. The Portland Gen¬ 
eral Electric Company, which owns a 
power plant near the TCSC installation, 
will join in these tests. Other utilities 
are studying the benefits of installing 
TCSCs, Southern Company Services of 
Georgia, for example, has concluded 
that it could save $120 milhon by in¬ 
stalling a thyristor-controlled series in¬ 
ductor system rather than building a 
new transmission line where its facili¬ 
ties join those of the Tennessee Valley 
Authority. 

EPRI's next transmission project is 
an outgrowth of technology that has 
been used to regulate voltage since the 
1970s. Adding a capacitor or inductor 
to a line can keep voltage within accept¬ 
able limits when sags or surges threat¬ 
en stability. The devices now used, called 


SVCs, consist, in effect, of a conductor 
running from a transmission line to 
ground through a capacitor or an in¬ 
ductor; thyristor switches determine 
whether current can flow^ through the 
capacitor or inductor. When voltages on 
transmission lines go below about 80 
percent of normal, these simple shunts 
can no longer compensate enough to 
bring it up to proper levels. 

A new type of shunt, based on GTO 
thyristors, can do a better job of com¬ 
pensating for voltage variations than 
can the current SCR-based devices. In¬ 
stead of simply changing the amount 
of capacitance and inductance in the 
shunt, this so-called static condenser 
employs a direct-airrent capacitor that 
feeds precisely timed pulses of voltage 
into the transmission line to raise its 
potential to the proper level. The GTO 
device connects the capacitor to the 
transmission line and then disconnects 
it—producing a pulse—as many as 48 
times in a single alternating-current cy¬ 
cle. The new device can also lower the 
voltage on a line by injecting pulses 
that oppose the normal cycle of alter¬ 
nating-current sinusoids, 

Willi EPRI*s support, Westinghousc 
and the Teimessee Valley Authority are 
building a GTO-based static condenser 
near Johnson City, Tenn. The system 
will regulate voltage on a SOO-kilovolt 
transmission line and two 161-kilovolt 
lines, which are connected by large 
transformers. The device is scheduled 
to go into operation in 1995. It will hold 
down voltage on the 500-kilovoIt line, 
which tends to rise when loads are 
light It wiU also prevent voltage on the 
161-kilovolt lines from sagging under 
peak loads. In addition, it will help 
damp voltage oscillations that have be¬ 
gun to appear on the lines of a neigh¬ 
boring utiMry. The Tennessee Valley Au¬ 
thority might otherwise have to con¬ 
struct another 161-kilovolt line to pro¬ 
vide adequate operating margin for this 
area of its power system, at consider¬ 
ably greater cost. 

The static condenser technology^ is 
also expected to find use in distribu¬ 
tion systems, where it will provide reli¬ 
able, high-quality power for commer¬ 
cial and industrial customers, 'today a 
utility cannot effectively supply a cus¬ 
tomer with tw’o independent, redun¬ 
dant distribution lines. A mechanical 
circuit breaker would take too long to 
switch to the second line if the first 
failed. A solid-state circuit breaker, how¬ 
ever, can make the transfer in a single 
AC cycle. A GTO-based regulator can 
hold the voltage constant during this 
transition so that equipment will not 
be affected. Such regulators are aheady 
working in the laboratory; they could 


be on the market as soon as 1995. 

Even more complex than the stat¬ 
ic condensers are thyristor-con trolled 
phase angle regulators, which may also 
be available in the future. These devices 
consist of a large transformer equipped 
with an extra coil that can, in effect, 
bleed off voltage and then reinject it at 
a different phase angle with respect to 
the current. Depending on the precise 
angle at which the voltage is reinjected, 
the overall voltage waveform will lead 
or lag current by varying amounts. By 
varying the phase angle of the voltage, 
engineers can control the amount of 
power that flows from one end of a 
transmission line to the other. Thyris¬ 
tors control the flow of electricity 
through this extra coU and so deter¬ 
mine the phase relation between volt¬ 
age and current for power passing 
through the device. 

One demonstration project is now un¬ 
der study: a thyristor-controiled phase 
angle regulator (TCPR) at International 
Falls, Minn., would help control power 
flow^ on a 115-kilovolt line that connects 
Ontario Hydro and Minnesota Power 
and Light. The direction of this flow 
typically shifts with the seasons—ener¬ 
gy flows north during winter and south 
during summer. The two systems are 
only weakly connected, howwer, and 
voltages on one power system may be¬ 
come widely out of phase with those 
on The other. Increasing the 100-mega- 
watt carrying capacity of the line re¬ 
quires direct control of the phase an¬ 
gle; otherwise, phase mismatch caused 
by a voltage disturbance on either sys¬ 
tem could rapidly lead to an overload. 

Specifically, the TCPR at Intemadon- 
ai Falls would shield the interconnec¬ 
tion from a powder surge that could be 
caused by the inadvertent shutdown of 
a nearby 500-kilovolt line in Canada. 
Iriis protection will enable utility man¬ 
agers to up the safe transfer limit to 
150 megawatts. 1he phase angle regu¬ 
lator may also help damp low-frequen¬ 
cy oscillations in the area. EPRI is di¬ 
recting detailed design studies, but im¬ 
plementation IS at least tw^o years away. 

W hereas EPRI is sponsoring 
work primarily on a few key 
controllers, manufacturers in¬ 
spired by potential market opportuni¬ 
ties are developing various other thy¬ 
ristor-based controllers. Perhaps the 
most prosaic of these is the solid-state 
circuit breaker. Because these devices 
are not yet suited fer high-voltage trans¬ 
mission, they will appear (in contrast to 
the other controllers) first in local pow¬ 
er distribution s^'stems, where they need 
only carry hundreds of kilowatts rather 
Than the hundreds of megawatts of 
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THREE GENERATIONS of thyristors show how these devices have increased in 
cotnplexiiy and capability. The first-generation silicon^coniroUed rectifier {top} can 
switch power off only at the heginning of an AC cycle. Gate turn-off devices (miiJ- 
d/e) can switch at any point in the cycle, and MOS-controlled thyristors ibottom) 
switch more quickly while consuming significantly less power. 


power flowing in transmission systems, 
fhcse solid-state devices are much fast¬ 
er than their mechanical counterparts 
and last far longer because they do noi 
have contacts that are damaged by arcs 
when they turn off. 

An example of the more sophisticat¬ 
ed controllers is the thyristor-controlled 
series reactor (TCSR), the inductive 
counterpart of the thyristor-controlled 
series capacitor. It adds impedance to 
reduce the load on a line or to Emit cur¬ 
rent in the case of a sudden fault. Like 
its sibling, the TCSR can be placed into 
operation on a few microseconds' no¬ 
tice. Together the TCSR and TCSC may 
provide a lower-cost alternative to 
phase angle regulators. TCSR technolo¬ 
gy should be ready for demonstration 
by the late 1990s. 

A thyristor-controlled braking resis¬ 
tor, meanwhile, could protect genera¬ 
tors supplying power to long transmis¬ 
sion lines from a sudden loss of load. 
Without such protection, a generator 
feeding an unloaded line would start 
gaining speed until it was damaged or 
had to be disconnected. Although me¬ 
chanically controlled resistors can also 
brake generators, these devices have 
never gained acceptance among utihty 
engineers because they can only be 
slammed on or turned off. They are 
useful in major emergencies but could 
cause more trouble than they avert. 
Thyristor-controlled units, in contrast, 
can be applied gently when only small 
braking actions are needed or sharply 
in an emergency Manufacturers are ex¬ 
pected to demonstrate a prototype be¬ 
fore the end of the decade. 

Another kind of device that shows 
promise is the thyristor-controlled ac¬ 
tive filter. Such filters address problems 
of power quality rather than reliability. 
Heavy electrical equipment often pro¬ 
duces higher harmonics—voltage fluc¬ 
tuations at multiples of 60 cycles per 
second—that feed back into the power 
grid and cause disruptions. Utilities now 
use passive filters, which permit only 
specific frequencies to pass, on some 
lines subject to harmonics. Unfortunate¬ 
ly, passive filters add impedance and so 
waste energy. Active filters, in contrast, 
would detect harmonics and apply a 
precisely timed counter voltage to neu¬ 
tralize them. Such devices have yet to 
leave the laboratory. 

T aken together, the various kinds 
of high-power silicon devices of¬ 
fer utilities unprecedented con¬ 
trol over power transmission and dis¬ 
tribution. The economic benefits of the 
technology should be substantial for 
both utilities and their customers. Re¬ 
duction of sags, momentary outages 


and subharmonic resonances will save 
some of the billions that those prob¬ 
lems cost every year, as well as the bil¬ 
lions now spent on uninterruptible pow¬ 
er supphes. Moreover, "smart" power 
devices in utility Lines consume only 
about 1 percent of the power they deliv¬ 
er, instead of the 10 to 20 percent that 
existing devices take. 

In addition, solid-state controllers 
could increase the overall capacity of 
today's transmission network by 20 
percent or more. Engineers have esti¬ 
mated, for example, that adding thyris¬ 
tor-controlled series capacitors to two 
SOO-kilovolt lines serving Florida could 
increase the power transfer capacity 
from 2,000 megawatts to 3,000 mega¬ 
watts. Such an investment could pay 
for itself in less than a year. Nationwide, 
utilities could save $6 billion compared 
with the cost of adding the same ca¬ 
pacity with new Lines. 

Even more important, increased flex¬ 
ibility in distribution will make it easier 
to transfer power from one region to an¬ 
other on demand, thus permitting indi¬ 
vidual utilities to reduce their generat¬ 
ing reserve margins. Smaller reserve 


margins, in turn, will enable utilities to 
defer construction of new power plants. 
If thyristor-based devices make it pos¬ 
sible to reduce margins from the cur¬ 
rent 20 percent to 15 percent, S50-bjl- 
lion worth of power plants could be 
left unbuilt over the next 25 years. 
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Ancient DNA 

Genetic information that had seemed lost forever turns out 
to linger in the remains of long-dead plants and animals. 
Evolutionary change can at last be observed directly 


by Svante Paabo 


M ost of our knowledge of the 
molecular processes that un¬ 
derlie evolutionary change is 
based on the comparison of the genes 
of living species. From such differenc¬ 
es, molecular evolutionists infer the his¬ 
torical changes that gave rise to present* 
day DNA sequences. Yet these studies 
are tentative in nature* Unlike the re¬ 
mains of animals and plants, DNA mol¬ 
ecules do not leave impressions in rock* 
Biologists therefore despaired of ever 
being able to check their conclusions 
against the historical record, as paleon¬ 
tologists do. 

But in the past decade scientists have 
learned that ancient DNA, though de¬ 
graded, sometimes survives the ravages 
of time, and molecular biologists have 
perfected methods of amplifying these 
trace amounts of ancient DNA* Workers 
have so far used DNA from bone and 
soft tissues to establish reliable sequenc¬ 
es for seven extinct mammals* Fhc old¬ 
est was the woolly mammoth—a frozen 
carcass that was found in the perma¬ 
frost of Siberia. More such studies are 
under way, including efforts to decode 
DNA extracted from insects entombed 
in amber millions of years ago. We can 
thus look forward to learning much 
more about the genetic relations among 
extinct species. 

Encouraged by such wwk, the Natu¬ 
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ral History Museum in London estab¬ 
lished a molecular biology research lab¬ 
oratory. The Smithsonian Institution in 
Washington, D.C„ the American Muse¬ 
um of Natural History in New York City 
and other museums have since emulat¬ 
ed the British example. 

I first became aware of the spectac¬ 
ular ease with which molecular tech¬ 
niques allow us to isolate and study 
DNA sequences from humans and oth¬ 
er organisms when I w'as a graduate 
studeni in the early 1980s in Uppsala, 
Sweden. I began to wonder whether the 
same techniques could retrieve mean¬ 
ingful data from the skins of animals 
and the mummies of humans that 
abound in museums. When a search of 
the literature suggested that no one 
else had considered the possibility't I 
embarked on a quest for suitable sam¬ 
ples to test. 

It was no easy task to get materials, 
for an archaeological sample is valu¬ 
able, and inevitably one will have to de¬ 
stroy a parr of it to extract the DNA. 
Yet my proposal intrigued curators of 
the University of Uppsala's Egyptian 
antiquities, and they provided me with 
small samples of skin and muscle from 
their mummies. Even more important, 
they had excellent connections with a 
large museum in what w^as at that time 
East Berlin. 

I spent four days with the chief con- 
serv'ator of the State Museums in Berlin, 
looking through the mummies, some 
of which had been partly destroyed dur¬ 
ing World War 0. With a sterile scalpel 1 
removed samples of a few grams of tis¬ 
sues from the 23 mummies that ap¬ 
peared best preserv'ed. 

Back in Uppsala 1 set out to study the 
tissue, wortog nights and w'eekends so 
as not to impede my research in molec¬ 
ular virology^, w^hich was supposed to 
constitute my future thesis. I began by 
examining the specimens under a mi¬ 
croscope. I found that they varied dra¬ 
matically in their state of preservation. 
Most of the tissues w^ere badly degrad¬ 
ed, but there were exceptions. Super¬ 


ficial and peripheral parts, such as the 
skin on fingers and toes, were much 
better preserved | see illustration on page 
66\. These tissues quite often retained 
nuclei that accepted stains specific for 
DNA, The reason appeared to be that 
the enzymes that cause dying tissue to 
digest itself, a process called autolysis, 
require w^ater. Superficial tissues, how¬ 
ever, may dry out before the postmor¬ 
tem degradation of DNA is complete. 

With great excitement I proceeded to 
extract the DNA from the tissues that 
contained cell nuclei 1 worked as one 
would with any modem tissue, digest¬ 
ing away the proteins with enzymes 
and using solvents to extract DNA from 
sugars, proteins and lipids. I then ana¬ 
lyzed the DNA by electrophoresis, a 
technique that uses an electric field to 
separate DNA fragments as they mi¬ 
grate through a gel. ITie smaller the 
fragments are, the farther they migrate, 
a correlation from w'hich one can calcu¬ 
late their size. The re.sults showed that 
the DNA had been degraded to frag¬ 
ments of only 100 to 200 base pairs 
(the four nucleotides that are the build¬ 
ing blocks of DNA). Fresh tissues, in 
contrast, yield DNA fragments more 
than 10,000 bases in length. 

T o study the genetic information 
of such DNA fragments, one must 
amplify them into large quanti¬ 
ties. At that time, the only available way 
to do so w^as molecular cloning, in which 
the old DNA is fused to a carrier DNA 
molecule that confers on it the ability 
to copy itself in bacteria. These hybrid 
molecules are then introduced into bac¬ 
teria, and thousands of bacterial colo¬ 
nies are grown, each one multiplying a 
single piece of the original DNA. The 
bacterial colonies are then analyzed for 


SKIN AND BONES have yielded priceless 
genetic data from such extinct species 
as quagga {zebralike animal^ center}^ 
moa ( skeleton, foreground) and thyla- 
cine, or marsupial wolf {front). 
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MUMMY CONTROL MODERN 

sequences of interest. In my experiment 
it was crucial to demonstrate that at 
least some of the cloning products were 
of human origin and could not have 
come from bacteria or fungi that may 
have lived in the mummy. 

For reasons that became clear only 
later, I obtained far fewer clones carry¬ 
ing human DNA lhan 1 had expected. 
The paucity of clones precluded an at¬ 
tempt to isolate the most interesting 
genes—those that code for specific pro¬ 
teins—because these generally occur in 
only two copies per cell. Therefore, to 
show that 1 had indeed replicated an¬ 
cient human DNA, I had to resort to iso¬ 
lating a so-called Alu-repeat, a sequence 
that occurs in nearly' a million copies in 
the genome of humans. One bacterial 
done containing two such Alu-repeats 
was isolated from tissues of a mum¬ 
my reliably dated to between 2,310 and 
2,S50 years ago. This finding made it 
dear that DNA can survive for long pe¬ 
riods after the death of an individual. 

In 1984, some months before I had 


Ancient DNA Milestones 

These extinct organisms have yielded 
meaningful genetic sequences, 


MUMMY CONTROL MODERN 

my results ready for publication, Rus¬ 
sell Higuchi and the late Allan C. Wilson 
of the University of Cahfomia at Berke¬ 
ley published work that also showed 
that DNA could survive after the death 
of an organism. They studied the quag- 
ga, a member of the horse family that 
lived in southern Africa until going ex¬ 
tinct at the end of the past century. 
Samples from a 140-year-old quagga 
skin in a German museum yielded bac¬ 
terial dones containing sequences from 
the mitochondrial DNA, which exists in 
many copies outside the ceU nudeus. By 
comparing these dones with sequences 
of modern zebras, Higuchi and Wilson 
showed that the quagga was closely re¬ 
lated to the zebra and much more dis- 
tanily related to other equids. These 
were the iu'st sequences determined 
from an extinct spedes. 

Despite these successes, it soon be- 
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MUMMY DNA allows ampliUcation of 
only short fragments, whereas modem 
DNA yields longer ones. The control 
lanes on the electrophoretic gel show 
the absence of contaminating human 
DNA bm show amplincation artifacts. 


came clear that there were severe iiini- 
tations to our ability to study ancient 
DNA. The dearth of clones made it ex¬ 
tremely difficult to repeat experiments 
and made many experiments impossi¬ 
ble to perform in the first place. The 
reason for the low efficiency of cloning 
was discovered when the ancient DNA 
was analyzed biochemically. The aver¬ 
age length of the old molecules (about 
too base pairs) was the same whether 
the material came from a 13,000-yeai- 
old ground sloth of southern Chile or a 
piece of dried pork just four years old. 
Most of this fragmentation occurs in 
the first hours after death, before the 
tissues dry out. Other types of damage 
appear to come from oxygen radicals, 
which react with bases or the sugar 
backbone of the DNA. These reactions 
cause modifications and loss of bases, 
breakage of the strands and cross-link¬ 
ing of DNA molecules to one another. 
Such changes degrade the DNA and de¬ 
stroy its genetic information. 

W hen ancient DNA damaged in 
these ways is introduced into 
bacteria, the organisms try but 
generally fail to make copies. Even when 
they succeed, they often introduce er¬ 
rors, For example, the quagga sequences 
included tw'o positions that had bases 
different from those that occupy the 
same position In the genomes of other 
vertebrates. It seemed likely that the 
isolated clones had errors in them at 
these positions, but because it was so 
difficult to obtain clones from tiie quag- 
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AMBER TIME CAPSULE for a prehistoric 
scorpion may provide an ideal environ¬ 
ment for the preservation of DMA, Am¬ 
ber, the solidified resin of ancient trees, 
generally protects its contents from the 
effects of air and water. 


ga skin, there was no practical way to 
go back and repeat the experiments. 
Similarly, 1 could not again isolate the 
same Alu-repeats from the mummy in 
order to verify their sequence. Molecu¬ 
lar evolutionists who were keen on time 
travel therefore found themselves in a 
depressing situation. Because they could 
not verify their results by repeating an 
experiment, the study of ancient DNA 
could not quahfy as a fully respectable 
science. 

A dramatic change came in 198S, 
when Kary B. Mulhs described a test- 
tube cloning technique of extraordina’ 
ry sensitivity and power Isee 'The Un¬ 
usual Origin of the Polymerase Chain 
Reaction," by Kary B. Mullis; Scieniihc 
Americ:an, April 1990], This method, 
the polymerase chain reaction (PCR), 
allows the multiplication in the test 
tube of a particular piece of DNA. The 
piece is specified by two short DNA 
fragments, or primers, which are chem¬ 
ically synthesized to match the base 
sequences Hanking the sequence one 
wishes To study. The primers initiate 
the test-tube amplification, which pro¬ 
ceeds in successive cycles that each 
double the number of copies of the 
specified sequence. 

A cycle begins with the melting of 
the double-strand template into single 
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siTands. This separation enables the two 
primers to sit dowm on their respective 
target sequences—one on one strand, 
the other on the complementary strand. 
Next, an enzyme begins adding bases 
at the ends of the primers, extending 
the double helices that the primers had 
initiated. Because each single strand 
produces a new double helix, the de¬ 
sired DNA sequence doubles in quanti¬ 
ty with each cycle. 

I t immediately became clear that 
PCR could open great possibilities 
for the study of ancient DNA. The 
main reason is that the technique is ex¬ 
tremely sensitive. One can literally gen¬ 
erate billions of copies starting from as 
little as a single DNA molecule. Even one 
or a few intact molecules that survive 
in an ancient tissue might be amplified 
by PCR, whereas the damaged mole¬ 
cules, which may be present in an ex¬ 
cess of several 1,000-fold, would not 
disturb the experiment. In the hope 
that this potential would be realized, T 
joined Wilson’s group at Berkeley, which 
was one of the first to use PCR. 



Our efforts were soon rewarded. 
When we designed primers for the seg¬ 
ments of quagga DNA that liiguchi had 
cloned in bacteria a few years before, 
we were able to amplify the pieces of 
DNA from extracts of the skin that he 
had used. Our experiment revealed that 
the positions in which the cloned quag¬ 
ga sequences had differed from other 
vertebrates had in fact carried the ex¬ 
pected general vertebrate sequence. 
Thus, the bacterial clones at these posi¬ 
tions carried errors, presumably in¬ 
duced by damage in the ancient DNA 
that the bacteria had incorrectly re¬ 
paired. PCR, however, was able to re¬ 
trieve the correct sequence. 

We have since shown that PCR brings 
back the correct ancient sequence be¬ 
cause its errors, though frequent, are 
rarely serious. It is accurate because, in 
practice, PCR starts the amplihcalion 
from at least a few dozen or a few hun¬ 
dred ancient DNA fragments. When the 
end product of an amplification is ana¬ 
lyzed all at once, any error in a particu¬ 
lar position in the sequence of one ini¬ 
tial template will be canceled by the 
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QUAGGA AGGAGGATTCGTTCACTGATTCCCTCTATTCTCAGGATACACACTCAACCAAACCTGAGCAAAAATTCACTTTACAATTAT 
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EVOLirnONARY TREE OF THE QjUAGGA is deduced from differ¬ 
ences between DNA from the extinct equid and from three mod¬ 
em species. The quagga shares much more sequence similarity 


with the zebra than with the others. The evolutionary tree {far 
right) reconstmcts genetic changes, such as two inferred in the 
ancestor of the quagga and the zebra (yellow). The quagga dif- 


other templates that do not cany mis¬ 
takes in that position. Bacterial cloning, 
in contrast, starts from a single mole¬ 
cule and is so more prone to make er¬ 
rors of consequence. 

Further studies have shown that PCR 
can also Teconstruct intact DNA from 
several partially degraded ancient mol¬ 
ecules. In such cases, the tw'o primers 
sit down on partial molecules. They are 
extended up to a damaged site or to 
an end of the template molecule. In the 
next cycle the resulting molecules sep¬ 
arate into single strands; these primers 
are longer than the original primers 
were. They can therefore bind to other 
template molecules that are not dam¬ 
aged where the previous templates were. 

This process of jumping from tem¬ 
plate to template can piece together in¬ 
formation from many partially degrad¬ 
ed pieces. Under favorable conditions, 
it can enable PCR to amplify sequences 
that are longer than any single frag¬ 
ment m the original sample. We are at¬ 
tempting to use this property of PCR to 
develop procedures that would allow 
the reconstruction of even more exten¬ 
sively damaged DNA than can now be 
analyzed. Other experiments are direct¬ 
ed at repairing the damage in the old 
DNA before it can be amplified by PCR. 

Yet it can be argued that the most im¬ 
portant advantage of PCR is its tecitni- 
cal simplicity’, which made it possible to 
amplify the same sequence from differ¬ 
ent quagga extracts in just a few days. 
We and other laboratories could thus 
reproduce and verify the results: mo¬ 
lecular archaeology^ could for the first 
time claim to be a respectable branch of 
science. 

C ould we extend the technique to 
materials that were thousands 
of years old and were retrieved 
from archaeological excavations? fo find 
out, we tested the new technique on a 
human brain that, amazingly, had sur¬ 
vived intact for 7,000 years at little Salt 
Spring, a sinkhole in Florida. William W. 
Hauswirth and his collaborators at the 
University of Florida at Gainesville had 
already shown by other techniques that 
DNA was preserved in a brain found at 
a similar site, presumably because the 
water was neutral in pH and contained 


very little oxygen. We extracted and at¬ 
tempted to amplify pieces of mitochon¬ 
drial DNA, whose rapid rate of evolu¬ 
tion makes it very useful for studying 
relations among populations. 

Our first attempts failed because the 
extracts contained unicnown factors that 
somehow inhibited the enzyme used in 
PCR to replicate DNA. This problem an¬ 
noyed us for several months, until w^e 
found out that albumin, a protein found 
in the blood, appears to relax the inhi¬ 
bition by binding to impurities that dis¬ 
turb the polymerase. The poor state of 
the old DNA allowed only short pieces 
to he ampUfied, but even so, the frag¬ 
ments sufficed to reveal a mitochondri¬ 
al type that had not been found in con¬ 
temporary Native Americans. 

We could not be certain that this ge¬ 
netic variant had gone extinct in the 
Americas, because we did not know 
much about the mitochondrial sequence 
variations in contemporary Native Amer¬ 
icans. Fortunately, several groups are 
now engaged in studies to provide sucli 
data, not only for Native Americans but 
for other populations in the Old and 
New Worlds as well. 

The objects of such investigations are 
many. Comparisons of DNA sequences 
in different populations help workers 
not only to detect shared variants but 
also to estimate the degree to which 
the sequences are related. This infor¬ 
mation can be used to gauge how pop¬ 
ulations are related to one another and 
the time that has elapsed since they 
shared an ancestor. One can even find 
signs of ancient expansions and con¬ 
tractions in population size, such as 
might have foUowed epidemics, fam¬ 
ines, wars or migrations. 

Genetic studies strongly imply an 
Asian origin for living Native Americans. 
They also suggest that a fairly small 
group of Asians colonized the New 
World, perhaps in just a few waves of 
immigration. For the first time, we can 
begin to test these theories by analyz¬ 
ing the DNA of ancient populations in 
the New World. This possibility is ex¬ 
tremely exciting in itself. It may also 
enable us to determine whether a pop¬ 
ulation w^as replaced by another one or 
simply adopted a new material culture. 

Unfortunately, the study of old hu¬ 


man remains is still impeded by techni¬ 
cal difficulties that are to some extent 
inherent in PCR: its exquisite sensitivity 
can he a weakness as well as a strength. 
Any trace of modem DNA that makes 
it into the experiment will be amplified 
if it carries sequences to which the prim¬ 
ers can bind. One must wonder wheth¬ 
er a similaritv’ between oneself and one’s 
putative ancestors is real or merely the 
result of sloppy laboratory technique. 

ontammaiing DNA can come 
■ from many sources: skin cells 

shed by the archaeologists or mu¬ 
seum keepers as they handle the sam¬ 
ples; dust particles; or minute amounts 
of DNA from earlier experiments con¬ 
ducted in the same room. This problem 
has forced workers to establish cum¬ 
bersome procedures. All reagents must 
be treated with the utmost care. Extrac¬ 
tions and amplifications must be per¬ 
formed in a room separate from ail oth¬ 
er work. Ventilation systems must not 
connect one PCR laboratory with anoth¬ 
er using similar material. Yet despite 
such precautions, contamination contin¬ 
ues to be a serious concern, especially 
when one Tries to amplify DNA from 
ancient human remains in w'hich con- 
tamination from modem humans can¬ 
not easily be ruled out. 

For this reason, the first study of old 
DNA from populations focused not on 
humans but on a remotely related spe¬ 
cies—the kangaroo rat. My colleagues 
Kelley Thomas, Francis Villablanca and I 
studied museum collections containing 
48 skins collected during the early part 
of this century^ from three populations 
in the Mojave Desert. All the skins con¬ 
tained mitochondrial DNA good enough 
to yield products 200 base pairs long. 

After we had determined the sequenc¬ 
es from the museum skins, we made 
use of old field maps and collected sam¬ 
ples from kangaroo rats that live at the 
same localities today. We discovered that 
the contemporary^ rats carry^ sequences 
identical or closely similar to the rats 
that lived in the same places bO to 80 
years ago and that the populations con¬ 
tain as many different sequences now 
as then. Thus, the contemporary kan¬ 
garoo rats are the direcr descendants 
of the previous populations, and no ma- 
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fers from all other vertebrates at one position 
{red), an error introduced by cloning and cor¬ 
rected by the polymerase chain reaction. 


jor migrations or other disturbances 
have occurred in the intervening de¬ 
cades. This work demonstrated that 
museum collections could be used to 
monitor the genetics of a popuiation 
over time. 

The urgency of these developments 
steins from the realization that the 
study of both extinct and living popu¬ 
lations is important now that so many 
species are in danger of extinction. Tt is 
already known, for instance, that as a 
population shrinks its genetic diversity 
declines, making it more susceptible to 
infections and other stress, as in the 
case of the cheetah [see “ rhe Cheetah 
in Genetic Peril,” by Stephen J. O’Brien, 
David E. Wildt and Mitchell Bush; Sci- 
EPOTiHC American, May 1986]. Studies 
of ancient DNA may deepen our under¬ 
standing of how a gene pool changes 
over time and may show whether a re¬ 
duction in genetic diversity generally 
precedes extinctions. 

At first, workers dared to seek ancient 
DNA only in soft tissues, which form 
but a small fraction of the remains 
turned up in archaeological excavations. 
Then, in 1989, Erika Hagelberg and 
Bryan Sykes of the University of Oxford 
succeeded in extracting usable DNA 
from ancient bones. Such DNA presum¬ 
ably stems from osteoblasts and osteo¬ 
clasts, cells that reside within the com- 
pact bone and continuously remodel it 
throughout life. Perhaps because DNA 
binds to the minerals that make up 
bone, skeletal remains may actually sur¬ 
pass soft tissue as a repository for DNA. 

A good example is provided by bones 
of moas, an extinct group of flightless 
birds of New Zealand. Some species 
grew to 3,5 meters in height and 200 
ktiograms in weight; they lived by 
browsing until humans arrived on the 
island about 1,000 years ago and hunt¬ 
ed them to extinction. Alan Cooper of 


FLIGHTLESS BIRDS of New Zealand, the 
kiwi and the extinct moa, are not direct¬ 
ly related. The moa ancestor probably 
arrived first (A), possibly when the is¬ 
land separated from Gondwana some 
80 mdllon years ago. The kiwi ancestor 
seems to have arrived later (B), per¬ 
haps by flying, 



Victoria University in Wellington ana¬ 
lyzed both the bones and the mum¬ 
mified soft tissues of moas found in 
caves and swamps. He managed to am¬ 
plify mitochondrial DNA from four 
of the six genera that existed. The se¬ 
quences reveal that the moas were all 
closely related to one another but not 
to the kiwis, a group of flightless birds 
that still exist on New Zealand. Kiwis 
are instead more closely related to the 
emus and cassowaries of Australia. 

This discovery indicates that the ki¬ 


wis came to New Zealand later than the 
moas did—probably after the island 
separated from Australia some 80 mil¬ 
lion years ago. Was the kiwi, like its 
Australian cousins, flightless when it 
came? If so, it must have swum to New 
Zealand, perhaps following a chain of 
islands that has since disappeared. Al¬ 
ternatively, it may have come by air, 
losing the power of flight only after ar¬ 
riving on a landmass where no ground¬ 
dwelling carnivorous animals lived. 

Another insight emerging from the 
DNA sequences of the different genera 
of moas is that they diverged from one 
another rather recently. Cooper has sug¬ 
gested that this timing can be explained 
by the geologic history of New Zealand. 
Much of the island sank beneath the 
waves 30 milLion years ago, apparently 
driving most of the ancestral moas to 
extinction. Then, the rise of mounlain 
ranges restored the island’s surface area 
and provoked a burst of speciation in 
the survivors, which quickly occupied 
the new niches. 

F rom how far back in time can we 
expect to retrieve DNA—from the 
progenitors of modem humans 
some 200,000 years ago, from the 
founders of the hominid line some 
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GENETIC I REASURE 1 ROVE is provided by mummies from the Americas, Europe 
and Egypt. The author is shown holding the fool of an Egyptian mummy similar to 
that which inspired his fh^t foray into the study of ancient DNA. 


three million years ago or from the di¬ 
nosaurs themselves? Certain physical 
limits seem inescapable* In approxi¬ 
mately 50,000 years, water alone strips 
bases from the DNA and leads to the 
breakage of strands into pieces so small 
that no information can be retrieved 
from them. Oxygen also contributes to 
the destruction of DNA. Even in ideal 
conditions—in the absence of water and 
oxygen and at low temperature-back- 
ground radiation must finally erase all 
genetic information* 

Despite these considerations, recent 
results have encouraged hopes of go¬ 
ing further into the past than many be¬ 
lieved possible. In 1990 Edward M, GoT 
enberg and Michael T. Gegg of the Uni¬ 
versity of California at Riverside pub¬ 
lished a DNA sequence from a magno¬ 
lia leaf deposited in day on the bottom 
of a lake in northern Idaho some 17 mil¬ 
lion years ago. They were able to ampli¬ 
fy a fragment as long as 800 base pairs, 
Pamela S. Soltis and Douglas E. Soltis 
of Washington State University repeat¬ 
ed this feat with specimens of another 
plant spedes found at the site, but ex¬ 
tracts from many other leaves from the 
same site have failed to yidd DNA, The 
clay was wet, however, and one won¬ 
ders how DNA could have survived the 
damaging influence of water for so long. 

Perhaps more promising are the re¬ 
sults of George O. Poinar, Jr, of Berkeley 
and Rob DeSalle of the American Mu¬ 


seum of Natural History. They and their 
collaborators study insects that have 
been entombed in amber, a dry environ¬ 
ment that may also be protected from 
oxygen if the amber is deposited under 
suitable conditions. Ihey have extracted 
DNA from insects imprisoned in amber 
about 40 million years ago. DeSalle and 
his colleagues have shown that their se¬ 
quences, from termites, are compatible 
with those from a modem termite. 

The next few years will undoubtedly 
show much activity in this field. Above 
all, it will be cmcial to find out whether 
other laboratories can confirm the re¬ 
sults reported for the very old DNA se¬ 
quences. If DNA sequences mdlions of 
years old can indeed be determined re- 
producibly, one of the most important 
opportunities that w^ould result is the 
ability to measure the rate of molecu¬ 
lar evolution directly. Yet some prob¬ 
lems will remain. It will alw^ays be hard 
to tell whether an old specimen is truly 
an ancestor of a present-day species 
or whether the ancient and modem 
sequences merely shared an ancestor 
much further back in time. The practi¬ 
tioners of rnolecular evolution will thus 
still be able to disagree fmitfully. 

If DNA provides a recipe for building 
an organism, and ancient DNA stores 
the recipe with fidelity, then a question 
naturally arises: Can we hope to reverse 
extinction by resuscitating vanished 
spedes? Could we clone identical twins 


of our recent and more distant ances¬ 
tors, recall the moas or quaggas to life 
or even establish breeding farms for di¬ 
nosaurs? 

I t is my firm conviction that such 
dreams (or nightmares) will never 
be realized. We have no idea how to 
piece together the millions of DNA frag¬ 
ments that we extract from an animal 
into chromosomes in a functional ceU, 
nor can we set In motion the thousands 
of genes that regulate development. If 
we cannot even take a fresh cell from 
an adult vertebrate and use it to clone 
another individual, how can we imag¬ 
ine cloning an extinct spedes from the 
flotsam and jetsam of ancient DNA? 

The resurrection of lost spedes will 
remain beyond our power. The furthest 
step toward 'Teanimation” that one can 
imagine would be the isolation of a sin¬ 
gle andent gene. Such a gene, intro¬ 
duced into existing species, might cre¬ 
ate animals that mimic an aspect of an 
extinct species. In this way, one could 
test the function of an andent gene. 
Yet such experiments do not in any 
sense preserve or re-create lost species 
or ecosystems. Extinction is and will al¬ 
ways be forever. 

What we can hope is that the study 
of ancient DNA will help us learn more 
about the dynamics of genetic change 
in populations over time. With such 
knowledge we may be able not only to 
understand better the history of our¬ 
selves and other species but also to 
frame more rational strategies to limit 
the (mgoing erosion of biodiversity. 
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Trends in the Sociology of Science 


A Lab of Her Own 


by Marguerite Holloway, staff writer 

T here is no one story to teU about wom¬ 
en in science. C. Dominique Toran-Al- 
lerand just received tenure—after 20 
years at Columbia University, after watching 
mal e peers enjoy promotion, after bstening 
to colleagues laugh when she requested rec¬ 
ommendations. “They thought I was joking,” 
explains the neuroscientist, who studies the 
role of hormones in brain development, with 
light bitterness in her voice. “People general¬ 
ly did not believe I did not have tenure.” 

Cheryl Ann Butman, a tenured biological 
oceanographer at the Woods Hole Oceano¬ 
graphic Institution, moves clothes at mid¬ 
night from a backpack, unemptied since her 
return from a Gordon Conference, into a can¬ 
vas bag. In four hours she will leave on a 
cruise to place research equipment on the 


ocean floor. Downstairs, Bradford Butman, 
branch chief of the U.S. Geological Survey in 
Woods Hole, washes dishes. He is just back 
from a meeting. The race against time is inter¬ 
rupted when Dylan, their two-year-old, has a 
nightmare. The evening is remarkable only in 
that both scientists are home. “Once Brad met 
me at the airport, handed Dylan to me and 
then got on a plane himself,” Butman recalls. 

Kay Redfield Jamison, a psychiatrist at the 
Johns Hopkins University School of Medicine 
who studies creativity and manic-depressive 
iUness, would rather not talk about problems 
that women may encounter. “The system is 
a harsh one, but it is for men as well,” she as¬ 
serts. “In the end, you just have to get your 
work done. How many women really spend 
much time thinking about these things?” 









Despite decades of struggle, 
women remain a small minority 
in the scientific community 


Some find it hard to avoid doing so. A re- 
searcher at a prestigious women’s college de¬ 
scribes being told to “go knit or do whatever 
it is you women do" when she asked for 
comments on her grant application to the Na¬ 
tional Institutes of Health. 

The experiences of these scientists and the 
challenges they face are as varied as the wom¬ 
en themselves and as the research they do. 
Which is perhaps why the fight that women 
wage so that they and their daughters can 
practice science r emains unfinis hed. Although 
their struggle to enter and to advance in this 
overwhelmingly male-dominated field paral¬ 
lels the struggles of women in other profes¬ 
sions, science seems a uniquely well fortified 
bastion of sexism. “How shocking it is that 
there are any women in science at all," re¬ 


marks Sandra Harding, a philosopher at the 
University of Delaware. 

Despite speeches, panels and other efforts 
at consciousness-raising, women remain dra¬ 
matically absent from the membership of the 
informal communities and clubs that consti¬ 
tute the scientific estabUshment. Only 16 
percent of the employed scientists and engi¬ 
neers in this country are female. At a finer 
level of detail, the numbers of women in dif- 

A FACE IN A CROWD characterizes the situation of 
many female scientists. Ellen Swaiiow Richards was the 
first woman on the faculty of the Massachusetts Insti¬ 
tute of Technology (opposite page). She is showi in 1900 
with her chemistry department colleagues. Today there 
are more women in science, as these students on the 
steps of the MJ.T. library illustrate (tMs page). But they 
make up only 16 percent of U.S. working scientists. 











Biological oceanographer 
at the Woods Hole Ocean¬ 
ographic Institution in Mas¬ 
sachusetts. Butman studies 
the physical dynamics of 
organisms—such as exam¬ 
ining how the formation of 
stacks of mussels Improves 
their ability to feed^ 


CHERYL ANN BUTMAN 





Some of the Women in Science Today 


0 ^ 


Pediatrician who recently 
became U.S. surgeon 
general. Elders was for¬ 
merly the director of the 
Arkansas Department of 
Hearth. 


JOYCELYN ELDERS 



Biochemist at Burroughs 
Wellcome Company. Elion 
won the 1988 Nobel Prize 
in Physiology or Medicine 
with her colleague George 
H. Hitchings for their work 
on compounds that led to 
the development of drugs 
to treat leukemia, organ 
transplant rejection, malar¬ 
ia, gout and herpesvirus 
infection. 


GERTRUDE BELLE ELION 


fereet disciplines and positions are so low that a recitation 
of the statistics sounds iikc a warped version of "The Twelve 
Days of Christmas”: 1 percent of working environineiitai sci¬ 
entists, 2 percent of mechanicai engineers, 3 percent of elec- 
tricai engineers, 4 percent of medical school department di¬ 
rectors, 5 percent of physics Ph^D.’s, 6 of close to 300 ten¬ 
ured professors in the country's top 10 mathematics depart¬ 
ments, and so on. 

"There is stdJ so much to be done," rues Jane Z, Daniels, 
director of women’s programs at the National Science Foun¬ 
dation (NSr). ‘‘The traditional areas of science for women are 
still those areas where there is the most growth. There is not 
a lot of change m physics, geology' and engineering, "fhose 
are the ones where the stereotypes have been preserv'ed." 
Other fields are not quite so male heavy'. Forty-one percent 
of working biologists and life scientists are women. Nearly 
half of all psychology^ and neuroscience graduate students 
are female. According to the American Chemical Society, 
women constituted 17 percent of their members in 1991, up 
from 8 percent in 1975, 

Regardless of their held, women scientists typically earn 
salaries that are about 25 percent lower than lliose paid to 
men in the same positions, they are twice as likely to be un¬ 
employed and they are rarely promoted to high positions (in 
1989, 7 percent of tenured faculty in the sciences were fe¬ 
male). Women report less encouragement from their peers 
and supervisors, less mentoring and help with professional 
advancement as well as greater isolation and harassment. 

These conditions persist despite more than two decades 
of efforts to redress an imbalance that was brought lo light 
in large part by the women's movement. In the past 20 years 
an array of federal and other educational programs have 
sought Lo attract women into science. These attempts gained 
some moment tun in 19B8, when a congressional study an¬ 
nounced that the U.S, would need more than half a million 
scientists and engineers by the year 2010, As men were drop¬ 
ping oul of science, women and members of minority groups 
were seen as possible replacements. 

The cumulative attention has brought about some gains. 
In 1989 women received 27.8 percent of the doctorates in 
science and engineering, whereas ki 1960 only 8 percent of 
such degrees were aw’arded to women. The Nsr recently 
found that differences in science scores between girls and 
boys on some standardized tests had decreased. The U.S. 


Equal Employment Opportunity Commission has also docu¬ 
mented an increase in the number of female full professors. 

“i have never seen a period in history where they are try¬ 
ing to encourage women so much,” notes Umda Schiebinger, 
a historian of science at Pennsylvania State University. "But 
I think W'hat is extremely interesting is that there is all this 
funding and this goodwill, and they are still dropping like 
flies." Attrition has increasingly led many observers to exam¬ 
ine the culture of science for dues about why so few women 
stay in the field. What, if anything, ask the researchers, is it 
about science that continues to exclude or deter women 
from remaining in research? 

"T'hey have been attempting to get more women into sci¬ 
ence, dying to fix the women, give them enough science 
courses, prevent them from falling behind,” Schiebinger, who 
wTote The Mind Has No Sex? Women in the Origins of Modem 
Science, “But we can’t fix the girls, we have to fix science, get it 
to be something they want to do. We have to look deeply into 
[he culture of science and see what is turning women off.” 

Peering into the sdcntific establishment to pinpoint the 
origins of the problem—w'hy so few women?—reveals both 
the mysterious and the obvious. Throughout the centuries, 
for no cogent reason, women have been excluded from most 
aspects of professional and political life. And the majority' of 
fields have until recently remained male. Within this larger 
tradition of sexism, there are some clear explanations for the 
absence of women in science. From the moment they begin 
to be sodalized, most girls are directed away from science. 
This subtle and overt deterrence can been seen in the educa¬ 
tional system and is fortified by the perceptions of many 
male sdentists that women simply should not he sdentlsts. 

It is not that there have Mstoiicaily been no women in sd- 
ence. Only nine w'omen may have been awarded a Nobel Prize 
as opposed to more than 300 men, but there are many un¬ 
sung women who have made vital contributions in all fields. 
In the past decade or so, historians have increasingly begun 
to describe these mostly invisible pariidpants. In 1982 Mar¬ 
garet W. Rossiter, a historian of science at Cornell University, 
published a lengthy account of American women who did 
science before 1940. "People said the book would not be very 
long, because there were no women of consequence. They 
were wrt)ng,” says Rossiter, who is working on her next tome: 
women in science from 1945 to 1972. Although many work¬ 
ers were tucked away as assistants and technicians, their 


Some of the Women in the History of Science 



HYPATIA 


Circa 370-415 
Egyptian mathematiciar, 
teacher and philosopher 
who was murdered by a 
group of monks. One legend 
has rt that these holy men 
resented the fact that a 
woman was lecturing. 




MARIA SIBYLLA MERIAN 

1647^1717 

German biologist who ex¬ 
tended the field of entomol¬ 
ogy through her observa¬ 
tions and illustrations of the 
life cycle of caterpillars and 
butterflies. She supported 
herself by publishing books 
and by designing fabrics. 



SOPHIE GERMAIN 

1776-1831 

Self-taught French mathe- 
maticFan and physicist who 
produced original work in 
number theory and the the¬ 
ory of elasticity, Germain 
was excluded from the male 
scientific community and re¬ 
ceived recognition for her 
work only late in life. 











Professor of biofogy and 
medicine at Brown 
University and femintst 
scholar, Fausto-Steriing 
has written extensiveiy 
about the biology of sex 
differences and is currently 
doing research on Ptanaria. 


ANNE FAUSTO-STEBUNG 



Astronomer at the Han/ard- 
Smithsonian Center for 
Astrophysics. Geller and 
her colleague John R 
Huchra discovered the 
Great Wail of galaxies, a 
structure that runs for three 
billion trillion miles and 
contains 1,700 gaiaxies. 


MARGARET GELLER 



Entomologist at Stanford 
University, Gordon, who 
does research on ants, is 
one of the few women 
studying sociai insects. 
She is currently observing 
how information is passed 
from generation to gen¬ 
eration in harvester ant 
colonies in Arizona. 


DEBORAH M. GORDON 


Academic Rank 
of Doctoral Scientists, 1990 


contributions were invaluable. She found many of them hid¬ 
den in footnotes in books about male scientists. 

Other researchers have traced the roots of the scientific 
establishment’s attitude toward women. Each period of his¬ 
tory and each culture are, of course, charaeterized by a dif¬ 
ferent prevailing view, but there is no shortage of "documen¬ 
tation” by males of the physical and mental inferiority of 
women. In the late 1880s, following a series of studies on 
the small size of women’s brains—and, not insignificantly, 
their enormous pelvic bones, all the better to bear children 
with—a friend of Charles Darwin’s summed up that illustri¬ 
ous scientist’s view of women's intelleciual powers: "It must 
take many centuries for heredity to produce the missing five 
ounces of the female brain." 

The emergence of the modern 
scientific establishment appears 
to have institutionalized many 
of these perceptions. Historian 
David F. Noble of York University 
in foronto argues that the first 
universities were monastic, orga¬ 
nized by the Christian church, 
and ihus excluded women. In his 
book A World without Women: 

The Chnstian Clerical Culture of 
Western Science, he discusses how 
this segregation persisted in the 
academies and institutions that 
arose with modem science. The 
Royal Society w^as established in 
1662 and did noi admit women 
until 1945. Before then, as Schie- 

binger notes, the only woman in the Royal Society was a 
skeleton m the anatomy collection. Today 2.9 percent of the 
"fellows” are female. 

Some institutions have better records, but by and large, 
women were not made to feel at home in the inner sanctum 
of science and were denied access to traditionaJ training. Be¬ 
atrix Potter, for instance, was an accomplished mycologist- 
in fact, she w^as the first person to report on the symbiotic 
aspects of lichen and to catalogue the fungi of the British 
Isles. Bui Potter was not allowed to join any professional sci¬ 
entific societies because of her sex. So, fortunately for EngUsh- 
speaking children and their parents, she turned to writing 
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and illustrating children's books. The 1880 official minutes 
from "The Mlsogynis! Dinner of the American Chemical So- 
dety^” unearthed by Rossiter, are part of the same tradition. 

It is the vestiges of these attitudes and the impenetrability^ 
of the elite socid institutions that most frustrate female sd- 
entists still. The National Academy of Sciences currently has 
only 70 female members, out of 1,750 living sdentists. “There 
is still resentment between the old guard and women," says 
Betty M. Vetter, executive director of the Commission on 
Professionals in Science and Technology. She adds bluntly, 
“It will change when they die.” 

By maintaining a male majority, many institutions perpet¬ 
uate the status quo, preventing women from partidpatmg 
in forums where important con¬ 
tacts are made. Women “don’t 
get invited to write as many book 
chapters, and they don’t get a 
chance to network as much. It is 
not a question of a more or less 
collaborative style,” comments 
Christina L. Williams, a neurosci¬ 
entist at Barnard College. “You 
do what you can do. You can’t 
get yourself invited to things if 
you don’t get invited.” 

Studies have found that meet¬ 
ings organized by men usually 
have a male majortty—no matter 
what ihe percentage of women in 
the field. Only 24 percent of the 
speakers at past meetings of the 
American Society for Cell Biology^ 
which is roughly 50 percent female, were women, even when 
the conferences were organized by women, notes Susan Ger- 
bi, president of the society. When men organized the confer¬ 
ences, less than 10 percent were female. “It is not men sit¬ 
ting around saying, ’Don’t invite women,’” Williams explains. 
“It is done blindly, and it is Just that there is no concerted 
effort. A lot of the people in power in science are still men.” 

Another place where similar discrimination may occur is 
on editorial boards. Staff at many scientific publications re¬ 
mains mostly male and has shown a tendency to accept more 
male-authored papers or to invite men to do review articles. 
It is not clear, however, that selection of papers would change 
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MARIA MITCHELL 

181S-1S39 

Established the Vassar Col- 
Jege Observatory in the 
U.S„ one of the earliest and 
most important astronomy 
programs for women. In 
1847 Mitchell, who learned 
astronomy from her father 
and her own reading, re¬ 
ceived widespread acclaim 
for the discovery of a comet. 



MARY EDWARDS WALKER 

1832-1919 

Surgeon and feminist who 
worked as a nurse and. Jal- 
er as the first female assis¬ 
tant surgeon in the Ameri¬ 
can Civil War, Walker adopt¬ 
ed male dress for her work 
in the fie id. 



ELLEN SWALLOW RICHARDS = 

1842-1911 

Engineer lauded as the 
'Vvoman who founded ecol¬ 
ogy.” Richards, denied a de¬ 
served Ph.D. in chemistry at 
the Massachusetts Institute 
of Technology, was the first 
woman to be elected to the 
American Institute of Mining 
and Metallurgical Engineers. 























Pnofessor of a>mpLrter sci* 
ence at Harvard University, 
A pioneer in the subdisci- 
pline of artificial intelligence 
known as natural language 
processing, Grosz works 
on ways to rnake computers 
easier for peopte to use by 
incorporating features of 
human dialogue into com¬ 
puter systems. 


BARBARA GROSZ 



Chaiperson of the depart¬ 
ment of anatomy at Har¬ 
vard Medical School. Hay 
studies the regeneration of 
cells and tissues. She made 
some of the first electron 
micrograph autoradio¬ 
graphs, a substantiai contri¬ 
bution to the study 
of cytology. 


EUZABETH DEXTER HAY 



Microbiologist at Harvard 
University. Huang studies 
the replication of RNA ani¬ 
mal viruses. 


ALICE S* HUANG 


if editorial boards were more sexually balanced, A study 
conducted in the early 19B0s asked 180 men and 180 wom¬ 
en to rate comparable papers. One third of the papers was 
supposedly WTitten by John 1\ McKay» another third by Joan 
T. McKay and the final series by J. T. McKay. Both the women 
and men gave the “John T." papers the highest score. What¬ 
ever the cause, Harriet Zuckerman of the Andrew W. Mellon 
Foundation and Jonathan R, Cole of 
Columbia have found that women tend 
to publish 30 percent fewer papers 
than do their male colleagues in the 
first 12 or so years of their careers. 

The disparity increases over time. 

One conimversial solution to making 
meetings more reflective of the work 
force, thereby spreading the wealth of 
information and contacts, is affirmative 
action. Last year the NSF announced it 
would not fund conferences unless a 
number of women proportionate to 
the number in the field were invited. 

"You hope it is not going to lead to 
less qualified women being asked," 

Williams says. “But there is no reason 
that it should. There are plenty of 
good women out there in all fields,'' 

Opinions about affirmative action 
are, inevitably, mixed. An editorial in 
Nature bemoaned the NSi 's new "quo¬ 
ta" policy. "There is no evidence that 
sex is related to success in scientific 
research," the editors WTOte, “and no in¬ 
herent jusUfication for holding wom¬ 
en out for special treatment as part of 
a formal policy carrying the bludgeon 
of budgets," Many female scientists 
also view legislative remedies with 
some skepticism, “1 personally do not want any favors be¬ 
cause 1 am a woman. I w^ant to be competitive on a gender- 
free basis,” Toran-AUerand says. Her view echoes that of many 
female scientists, in particular those who struggled through 
the system before it was subjected to feminist scrutiny. 
Many of those who succeeded, including Nobel laureates 
Gertrude Belle EJion and Rita Levi-Montalcini, did not want 


special attention as women in science—they just desperately 
wanted to do their science. 

Toran-AUerand, who was the only w'oman in both her 
medical school class and residency, altributes some of this 
to a double standard for women, "In the past, women were 
really an intellectual elite. You had to be slightly crazy if you 
wanted to go do that in that kind of environment," she com¬ 
ments. A woman "who interviewed me 
at Yaie said \ had to realize that the 
women had to be perfect. There w^ere 
so few women: they could not tolerate 
any imperfection. The imperfections 
in the men would be accepted because 
there were so many of them that they 
would even oul over the population.” 

With m(]Te w(]men in science, such 
pressures have been alleviated—to a 
point. Many scientists and educators 
have noted that scientific institutions 
are not the only source of discourage¬ 
ment for w'omen: the educational sys¬ 
tem does not foster a love of science 
in girls (for that matter, however, it has 
not been wildly successful in recent 
years with boys either). Most teachers 
of kindergarten through eighth grade 
are women, and many are not W'ell 
versed in science. They do not serve as 
effective role models for young girls 
interested in science. In addition, many 
stereotypes—of scientists as nerds, as 
mad and as male—persist. “The basic 
idea is that Lf you are a woman inter¬ 
ested in science, you are gender con¬ 
fused," notes Catherine J. Didion, ex¬ 
ecutive director of the Association for 
Women in Science, 

Research by the American Association of University Wom¬ 
en has found that at all educational levels, boys receive more 
attention than do girls in the classroom. I he effect is inde¬ 
pendent of the teacher's sex. Adults also encourage boys to 
be assertive in answering questions and expressing opin¬ 
ions. Therefore, a young wuman who pursues a career in sci¬ 
ence needs a particularly strong endowment of mettle. 
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SOFIA KOVALEVSKAIA 

1850-1891 

Russian mathematician 
who did work on partial dif¬ 
ferential equations. She is 
thought to be the first wom¬ 
an to receive a doctorate in 
mathematics, from the Uni¬ 
versity of Gottingen in 1874, 



MARIE S. CURIE 

1867-1934 

French scientist who dis¬ 
covered radium and poloni¬ 
um. She shared the 1903 
Nobel Prize in Physics with 
her husband, Pierre Curie, 
and Henri Becquerei. In 
1911 she won the Nobel 
Prize in Chemistry. 



FLORENCE RENA SABIN 

1871-1953 

Medical researcher who 
studied the development of 
the lymphatic system and, 
later, tuberculosis. She 
fought to modernize public 
health laws in the U S. 
Sabin was the first woman 
to be elected to the National 
Academy of Sciences 


















Professor emerita of biolo¬ 
gy at Harvard Unfversity. 
Hubbard did research on 
lhe photochemistry of vision 
early in her career and, 
more recentiy, has written 
extensively about women 
in science, women’s health 
issues and genetics. 


RUTH HUBBARD 




PaJeoanthropologisl who, 
with her late husband, 
Louis Leakey, unearthed 
and analyzed fossil horn- 
inids in Africa. Leakey now 
lives in Nairobi, Kenya. 


MARY LEAKEY 


Neuroscleniist who won the 
Nobel Prize in Physiology 
or Medicine in 1986 for her 
work on nerve growth fac¬ 
tor. Levi-Mon talcini teaches 
and continues her research 
at the Institute of Neurobi- 
ology at the Nationai Re¬ 
search Council in Rome. 


RITA LEVLMONTALCINI 


Girls are told in myriad ways that they are not as good at 
mathematics as boys are. This social myth has no founda¬ 
tion in reality. Researchers have found that girls often do as 
well as boys in math in elementary^ and junior high school. 
Yet girls hear “quite early that higher math is for boys,” Vetter 
notes. “Girls are not taught to put themselves forward to get 
into that group of precocious math kids. You have to push 
yourself forward, but girls are not encouraged to do that.” 

Exploiting this perception of feminine math anxiety, the 
toy manufacturer Mattel Iasi year made a Barbie doll that 
said, “Math class is tough.” The company deleted the state¬ 
ment from the doll’s voice track after several women's groups 
protested. (The nsf's Daniels points out that the pink Lego 
building blocks designed for girls do 
not send the right message either.) 

A distinct irony surrounds the issue 
of women and mathematics. Mathe¬ 
matics was at times considered a wom¬ 
an's subject. Schiebinger describes the 
English Ladies' Diary, published be¬ 
tween 1704 and 1841, which encour¬ 
aged women to perfect their “Ariih- 
metick, Geometry, Trigonometry... 

Algebra... and ail other Mathematical 
Sciences,” It goes to show that “when 
the rules of society change, the girls 
perform just as well as the boys," re¬ 
marks Mildred S. Dresselhaus, profes¬ 
sor of electrical engineering and phys¬ 
ics at the Massachusetts Institute of 
Technology. “If they act as though 
they are interested, they get very discouraging signals, 1 got 
my share of those, too, 1 suppose. But 1 went to an ati-giils 
school, and there I did not know that girls were not sup¬ 
posed to study math.” 

In addition to discouragement, women cite boredom as 
the reason that they stopped studying science. Many experts 
are trying to find new ways of teaching girls and women to 
maintain interest Sue V. Rosser, director of women's studies 
and professor of family and preventive medicine at the Uni¬ 
versity of South Carolina, has found that women tend to be 
interested in a problem or a question if it has some context 
or social relevance or the solution produces some benefit. 
They also respond to a challenge better if the process of 


meeting it is framed as a collaboration rather than a compe¬ 
tition. "Men. in general, find that a technological fix in and 
of itself is enough," she explains. Rosser and many others 
have designed successful teaching methods that harness 
these insights. Re-forming questions and experiments ap¬ 
pears to have an unexpected boon: it captures the imagina¬ 
tion of male students as well. 

An NSF study of questions for National Assessment of Ed¬ 
ucational Progress tests reached the same conclusion. When 
math problems have some social implication, girls do better. 
On the other hand, boys' scores on tests of verbal ability, 
which are traditionally lower than those of girls, improve if 
the excerpts describe sports or science. EUen Sperms, a grad¬ 
uate smdent in computer science at 
M.I.T., observes that computer games 
in which the objective is, say, to pre¬ 
vent a meteor from hitting the planet 
are often more likely to interest girls 
than are games in w^hich the players 
are supposed to slaughter invading 
aliens. 

Changes in testing and in school cur- 
riculums, however, may not be suffi¬ 
cient to hold women in science. Some¬ 
times as many as lialf of the first-year 
female college smdenfs are mterested 
in science and engineering, yet at some 
point in their academic careers, their 
attrition rate exceeds that of the male 
students. Certain universities and col¬ 
leges as well as the Association for 
Women in Science have sought to combat this tendency by 
establishing mentoring programs. 

In 1990, for instance, Dartmouth College set up intern¬ 
ships to give as many as 75 female smdent s experience in a 
laboratory, to demystify science and to introduce them to 
scientists. “They get to see what is going on In science first¬ 
hand, that scientists are not all geeky, that they are very reg¬ 
ular people who make mistakes and have to do things over 
again," according to Mary Pavone, director of the women in 
science project. 

Ini dally, many of the participants do not think the program 
is necessary. "ITiey come here heshman year and see that the 
numbers of men and women in introductory science courses 
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USE MEtTNER 

1878-1968 

Austrlan-Swedlsh physicist 
and mathematician who 
studied the decay of radio¬ 
active elements. She was 
the first person to calculate 
the energy released during 
nuclear fission and thereby 
contributed to the develop¬ 
ment of the atomic bomb. 



MARGARET SANGER 

1883-1966 

Nurse who became the 
leader of the campaign for 
family planning and birth 
control in the U.S. Her ef¬ 
forts to establish birth-con¬ 
trol clinics and to dissemi¬ 
nate infonmation were the 
subject of great controversy 


ETHEL BROWNE HARVEY 

1886-1965 



American biologist and em¬ 
bryologist whose studies of 
induction preceded those of 
Nobel laureate Hans Spe- 
mann and Hiide Mangold by 
more than 10 years. An in¬ 
vestigator at Princeton Uni¬ 
versity for 25 years, she 
was never made a fuJI pro¬ 
fessor. 














Behavioral ecologist with 
IWZS The Wildlife Conser¬ 
vation Society. Moehiman, 
who works mostly in the 
field in Africa, has studied 
and filmed free-roaming 
wild animals for over two 
decades, in recent years, 
she has turned her attention 
increasingly to advising 
about wildEife management. 


PATRICIA MOEHLMAN 



First director of the Office of 
Research on Women’s 
Health at the National 
Institutes of Health. Finn is 
a renal pathologist and was 
professor and chairperson 
of the department of pathol¬ 
ogy at Howard University 
before she joined the nih. 


VIVIAN FINN 



Astronomer at the Car¬ 
negie institution of 
Terrestrial Magnetism. 
Rubin has worked for more 
than 25 years with collab¬ 
orator W. Kent Ford on the 
existence of dark matter 
and galactic rotation. 


VERA RUBIN O 


are fairly even—they don't see what happens; they don’t see 
the filter* By junior year, they look around their classes, and 
all of a sudden a light goes on," Pavone says. The number of 
women majoring in science at Dartmouth was up in 1993, 
but it is not clear that the project is responsible. 

At the doctoral level the sittiaiion becomes more difficult. 
Women have a higher attrition rate than do men before they 
enter Ph*D. programs; they are about 15 percent less likely to 
finish their degrees. "‘You have to have someone on the fac¬ 
ulty who wants you," says C. Megan 
Urry, chief of the research support 
branch at the National Aeronautics 
and Space Administration's Space 
Telescope Science Institute. Science is 
ultimately a guild, in which a master 
passes on skills and professional 
touch to apprentices. For reasons of 
ancient tradition and contemporary 
culture, those apprentices are pre- 
dominanily male. “No one ever told 
me what was going on. The men are 
getting a lot of help, and the male ad¬ 
visers are helping them wTite. The 
women don’t get it much," Urry says. 

A combination of institutional 
changes, including mentoring pro¬ 
grams, educational reforms and affir¬ 
mative action strategies, has tradi¬ 
tionally been perceived as the means 
for bringing women Into science and 
keeping them there* These approach¬ 
es address the problem illustrated by 
the often strange metaphors that have 
been used to explain why there are so 
few women in science or in any other 
field: the pipeline is leaking, the glass ceiling has not cracked, 
women are stuck on the bottom rung of the ladder. 

But a growing number of observers are questioning the 
fundamental and long-term success of these efforts. Feminist 
thinkers, including Schiebmger and Rosser as well as Brown 
University biologist Anne Fausto-Sterling and Harvard Uni¬ 
versity^ professor emerita Ruth Hubbard, take a more radical 
position. They believe the whole edifice—plumbing, ceiling 
and ladder—has to be reconstructed* "My view is that getting 


women into science is not just being nicer to them at youn¬ 
ger ages, altliough that is important. Bur we really have to re¬ 
think our whole notion of what science is and how it func¬ 
tions,” says Fausto-Sterling, author of My^hs of Gender: Bio¬ 
logical Theories about Women and Men. 

Fausto-Sterling and others are examining how scientific 
knowledge tn the West has been shaped by social mores and 
by the white male culture that has directed it. The scrutiny is 
not well received by many in the scientific community. “Sci¬ 
entists think this is not very important," 
says Harding, who wrote Whose Science? 
Mliose Knowledge? "But our conceptions 
of how we think about the history of sd- 
ence shape how we are doing sdence 
now^ We want to learn from the past. If 
we have distorted views, we should un- 
der.stand them." 

Perhaps the most prickly issue that 
some of these thinkers have raised Is 
whether women and men approach sd¬ 
ence differently and, if they do, whether 
differences in style account for the low 
numbers of women attracted to science. 
Most of the discussion was initiated by 
Evelyn Fox Keller's 1983 book about No¬ 
bel laureate Barbara McClintock. In A 
Feeling for the Organism: The Life and 
Work of Barbara McClintock, Keller sug¬ 
gests that McClintock's unusual insights 
into genetics were shaped by intuition, 
by a more stereotypicaUy “female" ap¬ 
proach. The fires have been stoked by 
other researchers, among them Doreen 
Kimura, a psychologist at the University 
of Western Ontario* Her work shows dis¬ 
tinctly different patterns of male and female mentation with 
respect to solving problems and framing intellectual chal¬ 
lenges [see “Sex Differences in the Brain,” by Doreen Kimu- 
ra; Scientific American, September 1992]. 

Many sdentists think this idea of difference has some va¬ 
lidity in the biological sciences in particular. “There is a 
strong argument that when you bring women in, they look 
at what the female [subjects] are doing,” Sthiebinger notes. 
"So far we have found these examples only for sciences 
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GERTY RADNITZCORJ 

1896^1957 

Biochemist who won the 
Nobel Prize In Physiology or 
Medicine in 1947 with her 
husband, Carl Con, for their 
work on how cells use and 
convert food into energy—a 
process now called the Con 
cycle. 



IRENE JOLIOT-CUR(E 
1897-1956 

Won the 1935 Nobel Prize 
in Chemistry with her hus¬ 
band, Fr^eric Jollot-Curie, 
for their synthesis of new ra¬ 
dioactive elements. 



BARBARA McCUNTOCK 

1902-1992 

Geneticist who revolution¬ 
ized the field through her 
observations of jumping 
genes. McClintocks novel 
ideas were mi accepted for 
many years. In 1983, how¬ 
ever, she won the Nobel 
Prize in Physiology or 
Medicine, 



















IVIathematician at Rutgers 
University and the Universi¬ 
ty of Minnesota's Geometry 
Center. Taylor studies soap 
buddies and crystals and 
simulates them on comput¬ 
ers in order to understand 
their underlying mathemati¬ 
cal properties. 


Secretary of the Air Force. 
Widnall is on leave from 
MJ T., where she is associ¬ 
ate provost and professor 
of aeronautics and astro¬ 
nautics. She has served as 
president of the American 
Association for the Ad¬ 
vancement of Science. 


JEAN E. TAYLOR 


SHEILA WIDNALL 


Mathematician at Wesleyan 
University in Connecticut, 
who recently served as 
the president of the Asso¬ 
ciation tor Women in Math¬ 
ematics, She does work on 
iogic, specifically model 
algebraic theory. 


CAROL WOOD 


where there is sex involved.'’ Perhaps the best example of 
this view is the work of Jane Goodail, Dian Fossey and Birute 
Galdikas, anthropologists who revolutioniiced understanding 
of the primates by changing the w^ay animals were observed, 
by following individuals. “They looked at femaleTemale in¬ 
teractions and saw new behaviors,” Rosser explains. 

Rosser has her own example. She recalls that when she 
first taught animal behavior she asked the class to examine 
Siamese fighting fish; What were the reactions of males to 
males, to self and to females? The exercise never included 
female reactions To females or to males. Sandra Steingraber, 
a Bunting Fellow at Radcliffe and Harvard, studied dioramas 
of white-tailed deer in natural histce 
ry museums and found that the 
males were always depicted in a 
warriorlike stance, about to defend 
a doe and fawn. In reality, Steingra- 
ber says, does and bucks unite only 
to mate. Does and fawns stay to¬ 
gether only until they begin to com¬ 
pete for food. The dioramas, an ed¬ 
ucational tool, were shaped by the 
anthrocenrric and anthropomorphic 
social vision of the men who de¬ 
signed them. 

If it is true that women can bring 
a different perspective, feminist 
scholars argue, that is all the more 
reason to encourage women, minor¬ 
ities and people from diverse cul¬ 
tures to practice science. 'T think 
there is a lot of validity to the idea 
that women do ihings differentiy, not from a biological basis 
but from a socit>logical perspective. There is a clash between 
women's and men’s cultures,” Schiebinger says. “Women and 
men are not mterchangeable parts. They act in very different 
ways, and it seems to me that that carries over into the pro- 
fessional world. It brings an enriching perspective.” 

Anecdotal reports suggest that many women organize 
their laboratories differently, in a less hierarchical fashion, 
than do their male colleagues. “I don’t think 1 think different- 
ly in terms of questions, because I have been trained,’' says 
Kathie L. Olsen, a program director at the nsf. "The differ¬ 
ence is in the daily operation in the laboratory and in terms 


of how I interact wnth people.” Ruth Ginzberg, a philosopher 
at Wesleyan University in Connecticut, has observed the same 
phenomenon in other fields, such as business. “For a long 
time, women were not thought of as good managers, then 
somebody decided that perhaps women might have a differ¬ 
ent management style. Women were not rising in the ranks, 
because they were doing things differently—not because they 
were doing it less well.” 

Other differences have also been found. Studies of men 
and women interacting in groups suggest that women are in¬ 
terrupted more frequently, that their contributions are more 
often attributed to men in the group and that they are less 
comfortable with antagonistic dis¬ 
cussions. “The problem is lhai wom¬ 
en are being judged by men in a sys¬ 
tem set up by men that basically re¬ 
flects their standards and criteria," 
Urr>' maintains. “Some of that has 
not to do with excellence in science 
but with style.” 

Whereas many female scientists 
agree that women and men may act 
differently, the idea that this varia¬ 
tion translates into a different way of 
doing science remains sticky. “I find 
this topic a bit difficult,” Drcsselhaus 
admits. “Spending a lot of time on 
this doesn’t do credit to women in 
fields with few women. In medicine, 
say, gymecology, women may have a 
different approach. But if you are 
solving a flow equation, there is not 
a woman’s way or a man's way: there is the way the air flows 
around an airplane wing—it just flows around the wing.” 

There is a lack of very solid evidence for the proposition, 
Zuckerman concurs. In an unpublished smdy the sociologist 
and her colleagues found that sex differences were minor 
with respect to how scientists think about and describe their 
work. The criteria were how they chose their research topics 
and the significance of the research they were doing. “Gen¬ 
der is not a good predictor of difference," Zuckerman says. 
"Science is supposed to be attentive to evidence, and there 
is a lack of it here. These are matters about which people 
feel very strongly.” 


Bachelor’s Degrees: 1966-1990 
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MARIA GOEPPERT MAYER 

1906-1972 

Mathematical physicist 
from Germany who won 
the 1%3 Nobel Prize in 
Physics for her discovery 
of nuclear shsl]a--the dis¬ 
crete energy levels that 
neutrons occupy-which 
Mayer described as similar 
to layers of onion skin. 



RACHEL LOUISE CARSON 

1907-1964 

Marine biologist and author 
of several books, Including 
Sifent Spring. Carson's work 
alerted the scientific com¬ 
munity and the public tc the 
dangers of pesticides and to 
potentially destructive inter¬ 
actions between people and 
the environment. 



ROSALIND ELSIE FRANKLIN 

1920-1958 

X-ray crystaliog raphe r. 

Franklin studied the struc¬ 
ture of DNA and provided 
information needed by 
James Watson and Francis 
Crick, who later won a No¬ 
bel Prize, to describe the 
molecule as a double helix. 





















ASTRONOMERS 

SOUTH KOREA 
NEW ZEALAND 
JAPAN 
SWITZERLAND 
ISRAEL 
SOUTH AFRICA 
INDIA 
GERMANY 
IRELAND 
SWEDEN 
NORWAY 
AUSTRALIA 
EGYPT 
PORTUGAL 
NORTH KOREA 
CANADA 
U,K, 
FINLAND 
AUSTRIA 
NETHERLANDS 
DENMARK 
CZECHOSLOVAKIA 
U.S. 
ESTONIA 
CHINA 
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YUGOSLAVIA 
ARMENIA 
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TURKEY 
POLAND 
BRAZIL 
SPAIN 
HUNGARY 
ITALY 
UKRAINE 
RUSSIA 
MEXICO 
FRANCE 
BULGARIA 
ARGENTINA 
GEORGIA 
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Some female scientists also see 
such perceptions of difference as 
potentially dangerous. “We would 
aD be belter off if we could forget 
about gender altogether/ says 
Deborah M. Gordon, an animal be- 
haviorist at Stanford University 
and one of very women study¬ 
ing social insects. “It is hard for 
young women starting out to hear 
that they are dilferent. They should 
hear that everyone will have to 
work hard to be a good scientist. 

They should be thinking about 
how to do their work as best they 
can, not how their w'ork is chan¬ 
neled by gender.” 

Many scientists believe individu¬ 
al variations are so great that they 
outweigh those between men and 
women. “I am an adamant femi¬ 
nist about a lot of these issues, but 
this one 1 get sort of riled by," Wil¬ 
liams states. ‘"People approach sci¬ 
ence differently, so to categorize a 
woman’s versus a man’s approach 
would be difficult. It is not that it 
does not exist, it is just that there 
arc many styles of doing science." 

Yet by questioning the culture 
of science, many feminist scientists and scholars claim to be 
broadening this repertoire of styles. In their view, such enrich¬ 
ment will ultimately lead to a more thorough science and a 
better society. Some such thinkers have suggested that re¬ 
search priorities may shift as a consequence. “A lot of physics 
has been defense related, and many women left it for that 
reason,” Didion explains. “At the minimum, the way that sci¬ 
ence would he communicated would be different, not neces¬ 
sarily the science itself." 

Medicine has already changed in some ways as a result of 
the growing number of women researchers and practition¬ 
ers. Women’s health is receiving more funding and attention. 
Conclusions based on white male patients are no longer be¬ 
ing blindly applied to female or minority patients. A recent 
study in the New England Journal of Medicine concluded that 
female patients who have female doctors w'ere twice as like¬ 
ly to receive Pap smears and mammograms. 

“These are not just women’s issues,^’ Didion declares. The 
contemporary culture of science “is not only not good for 
women, it is not good for many men.” In particular, raising a 
family has been seen as incompatible with a successful scien¬ 
tific career. Women are often perceived to be less committed 
if they want to have children—although Zuckermanand Cole 
found that married women and mothers publish as many 
papers as single and childless women [see ’’Marriage, Mother¬ 
hood and Research Performance in Science,” by J. R. Cole and 
H. Zuckerman; Scientepic American, February 1987]. 

Nevertheless, without support at the institution where 
they work or from their spouses, women are more likely to 
drop out of science to have children. “Early career time is 
when women raise children, and organizations have to make 
it doable/ Dresselhaus says. "1 know in my own career it was 
avdully hard in those years. 1 had four children. I got help 
from my husband and hired a baby-sitter. But many people 
made totally unreasonable demands on me—it w^as almost 
humanly impossible to do what 1 was being asked to do.” 

Dresselhaus’s success at maintaining her career and fami¬ 
ly is unusual. “The fact remains that science, like profession¬ 


al life in general, has been orga¬ 
nized around the assumption that 
sociew need not reproduce itself— 
or that scientists are not among 
those involved in reproduciion,” 
Schiebinger notes wryly. The 
American Chemical Society , for ex¬ 
ample, found that 37 percent of 
female chemists older than SO 
years had no children; only 9 per¬ 
cent of the men older than 50 
were childless. 

Moreover, 43 percent of women 
had relocated because of a change 
in the employment of a spouse. 
Only 7 percent ol’ ihe men had reJo- 
cated. For that reason, many female 
and male scientists—and people in 
all fields—support more flexible 
work time, family leave and child 
care legislation. 

“These professions have evolved 
around the lives of men who could 
be professionals around the clock 
and spend little time on anything 
else," Hubbard says. “In science, it 
is certainly ridiculous to the extent 
that there is this notion that if you 
don’t work 24 hours a day. nature 
is going to run away. It won’t. It will 
still be there next year, unless we louse it up." 

Gordon of Stanford would like to see universities organized 
in such a way that they could provide jobs to both partners 
of a married couple. “They are set up for men wh(5se wives 
went with them, but the world is not like that anymore," 
Gordon observes. 

All ihese considerations, from legislation to more subtle 
changes in the culture of science, will not ensure that more 
women or minorities will study or stay in science. Many sci¬ 
entists describe the situation as a catch-22: more wTjmen will 
enter the field only when there arc more women in it. And, 
they say, the only way out of the conundrum is to change so¬ 
ciety’s attitudes toward women—and men. 

Such changes require continued vigilance, especially now' 
that the anticipated job shortage has not materialized. 7b 
some, the existing economic malaise portends a loss of 
ground that w^omen and members of minoriiies have gained 
in science. For others, it bodes well. "We are being forced to 
recognize that people do not have the money to throw at the 
problems, but that may be a blessing in disguise because 
people are going to have to do something,” Didion asserts. 

As for the old guard, the best thing that could happen is 
" that they get terribly fond of a granddaughter who is very 
interested in science,” Vetter says. “It is possible to change 
people for their granddaughters." 


FURTHER READING 
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SCIENCE AND BUSINESS 



JOHN W. FROST of Purdue University holds a flask that contains microbes that can 
break down a comslarch-derived sugar solution into industrial 


Turning Green 

Can industrial chemistry 
trade benzene for sugar? 

I ife for the synthetic chemist used 
to be simple* He (or very occa- 
J sionally she) simply had to know 
how to mix inexpensive chemical feed¬ 
stocks to achieve high yields of one of 
the thousands of Industrial ingredients 
that make up the accoutrements of mod¬ 
ern living, from Tupperware and roU- 
er-blade wheels to Valium. Now the im 
dustrial chemist’s w'orld has been com¬ 
plicated, even darkened^ by the fact that 
many of the ingredients in time^hon- 
ored recipes are featured on the most- 
wanted lists of the ecologicaJ watchdogs 
at the Environmental Protection Agency. 

For its part, the epa has done more 
than just growl. A year ago the agency 
began a small grants program to en¬ 
courage the discovery' of environmental¬ 
ly kind alternatives for the billions of 
pounds of toxic substances that are re¬ 
leased into the environment every year. 

The funding, supplied under the agen¬ 
cy's Design for the Environment Pro¬ 
gram, has spurred research chemists 
to look at cornstarch, sunlight and oth¬ 
er replacements for heavy-metal cata¬ 
lysts, benzene solvents and a host of 
other bad actors. The program repre¬ 
sents something of a departure by the 
agency from its usual approach. “The 
epa's idea of environmental chemistry 
has traditionally been bulldozers rath¬ 
er than round-bottomed flasks,'' says 
Paul T. Anastas, chief of the new chem¬ 
icals section of the agency's industrial 
chemistry branch. "But source reduc¬ 
tion is the only option that truly pre¬ 
vents pollution." 

In late August the epa put the initial 
results of the effort on display. It helped 
to set up the first symposium on alter¬ 
native chemical synthesis at the biannu¬ 
al meeting of the American Chemical 
Society. In addition to the work backed 
by the agency, the conference attendees 
heard about different approaches to the 
same types of problems presented by in¬ 
dustrial colleagues. 

The academic work sponsored by the 
agency marks a radical shift away f^rom 
conventional chemical-process technol¬ 
ogies. That could be seen in the accom¬ 
plishments of John W. Frost. Frost is a 


chemist who believes metabolic prod¬ 
ucts from microbes may one day replace 
such carcinogenic solvents as benzene. 
Frost began his talk at the symposium 
by showing a slide of a midwestem 
cornfield like the ones near the Purdue 
University campus in West Lafayette, 
Ind., where he teaches and does Ms re¬ 
search. Frost and Ms co-workers there 
have proposed using nontoxic glucose, 
a component of cornstarch and ordinary' 
table sugar, as an alternative to pro¬ 
cesses that employ petroleum-derived 
benzene. 

To concoct tMs biocatalyst, the Pur¬ 
due team has tinkered with the genetic 
makeup of the ubiquitous intestinal bac¬ 
terium Escherichia colL Normally, E. coli 
metabolizes most of the glucose avail’ 
able to it in order to provide energy . The 
Purdue group has genetically engineered 
the bacterium so that more glucose is di¬ 
verted tow'ard the other main chemical 
pathway vrithin the organism that uti¬ 
lizes the sugar. TMs pathway manufac¬ 


tures amino acids, such as tryptophan, 
the building blocks for proteins* Before 
the amino acids can be made, an en¬ 
zyme breaks down a chemical derived 
from glucose to produce catechol. Genes 
for tills non-native enzyme were import¬ 
ed into E. coli from other microbes. 
The catechol is a feedstock for vanilla 
flavoring. It also goes into the making 
of adipic addr a key ingredient in nylon 
manufacturing. Both chemicals w'ould 
otherwise require cancer-causing ben¬ 
zene as a starting material. 

Microbes that chomp on glucose will 
have trouble making a substance that 
can match the 65-cents-a-pound price 
of adipic acid that comes from petro’ 
chemicals. That figure, however, does 
not reflect the externality of environ¬ 
mental impact. “If you take into account 
the damage to the ozone from making 
petroleum, the adipic add would not 
cost 65 cents," Frost noted at the meet¬ 
ing, which took place in Chicago. 

Furthermore, the Purdue process does 
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not emit ozune-dcpleting nitrous oxide 
as a by-product, and the various reac¬ 
tions can be carried out at a frugal 37 
degrees Celsius. A biotechnology firm, 
Genencor International, is considering 
setting up a pilot plant that will use glu¬ 
cose to imke quinlc add, a starting ma¬ 
terial for the feedstock hydroquinofie, in 


a process that employs a similar biocat- 
alytic reaction. Frost recently formed his 
own company to provide microorgan¬ 
isms for chemical or grain processors 
interested in these methods. 

Chemists funded by the epa have 
turned to plants, as well as bacteria in 
the intestinal tract, for inspiration. Gary 


A. Eplifig, a chemistry^ professor at the 
University of Connecticut, has used food 
dyes and light from a lamp bought on 
sale at Caldor to create a catalyst that 
replaces heavy metals in commonplace 
oxidation reactions. George A. Kraus of 
Iowa State University has reported how 
a sunlamp could initiate a chemical re- 


More Fun than a Root Canal 


A t last, biotechnology for the masses. Less noble per- 
. haps than gene therapy for a rare disease, less im¬ 
pressive than a cure for cancer, Creative BioMolecules's 
latest product, if it works, may nonetheless make many 
people smile. The Hopkinton, Mass., company is now test¬ 
ing in humans a protein-laced compound that in monkeys 
seems to rescue teeth doomed to certain root canal 
The death of a tooth is an all-too-familiar experience. 
When decay or a blow punches a hole through both the 
hard, mineralized layers of enamel and dentin, the ex¬ 
posed pulp, home to blood vessels and exquisitely sensi¬ 
tive nerves, can become Infected. Badly abscessed teeth, 
still beyond the help of medicine, must be pulled. But 
when naked pulp is caught before infection has become 
too deeply entrenched, traditional dentistry can save the 
tooth—for a price reckoned in dollars and winces. Suck¬ 
ing the pulp out of the root canal and replacing it with gut- 
ta percha or something similar kills the tooth but preserves 
its function. The American Dental Association estimates 
that this safe but father ghastly procedure was performed 
1 3 million times in 1 991, 

Creative BioMolecules thinks it has a less invasive, less 
expensive and—mirabile dictu—less painful alternative 
for about three million of those cases, the 20 to 25 per¬ 
cent with the least infection. The treatment uses a cul¬ 
tured version of the human osteogenic protein OP-1. Re¬ 
search in animals has shown that when applied to broken 
bones, OP-1 stimulates bone growth. Stryker, Creative Bio¬ 
Molecules's corporate partner in Kalamazoo, Mich., is al¬ 
ready testing that application in human clinical trials. 

R. Bruce Rutherford, now at the University of Michi¬ 
gan School of Dentis¬ 
try. wondered wheth¬ 
er OP-1 might also re¬ 
pair damaged teeth. 

Late last year, with sci¬ 
entists from Creative 
BioMolecules, he tried 
an experiment. The re¬ 
searchers drilled 30 
deep holes into the 
healthy teeth of four 
adult macaques, then 
packed five of the ar¬ 
tificial cavities with 
calcium hydroxide, a 
common dental fill¬ 
er. Another five they 
plugged with a colla¬ 
gen mush made from 
cow bones. The re¬ 
mainder they either 
left empty or jammed 


with various amounts of collagen to which a dash of OP-] 
had been added. Ali the cavities were then capped. 

After six weeks, the researchers harvested the teeth and 
found that all those filled with OP-1 had grown new layers 
of dentin thick enough to protea the pulp from mfertion. 
Three of the calcium hydroxide-packed teeth also showed 
some dentin repair, but it was fragile and invaded the pulp 
chamber. None of the other controls healed. 

"We don't profess to know how this protein works/' ad¬ 
mits Victor A. jegede, a vice president of Creative BioMole¬ 
cules. The tissue that grows to seal the cavity "does not 
look like normal dentin," Rutherford points out. "It resem¬ 
bles what we call atubular dentin." Whereas normal den¬ 
tin is permeated by fluid-filled tubules, reparative dentin 
is more amorphous. That may actually be a good thing. 
"It might make the pulp less sensitive and less suscepti¬ 
ble to decay," Rutherford speculates. He plans to ask the 
National Institutes of Health to fund further research into 
how OP-1 works. 

Enticed by the potential market for the agent—three mil¬ 
lion treatments a year at "somewhere under STOOD" apiece. 
Jegede says—Creative BioMolecules is not waiting for an 
answer to the "how" question. In July the Food and Drug 
Administration approved the company's plans to test the 
compound (which the fda classifies as a "device") on 40 
human patients whose teeth have minimal inflammation 
and need to be extracted anyway In each patient a bit of 
the exposed pulp will be cut away and the cavity filled with 
either the OP-1/collagen mixture or the collagen alone as a 
control. The firm hopes to have results by January and— 
presuming the drug works—to move quickly into a big¬ 
ger trial with patients 
who would like to keep 
their teeth. 

Biotech companies 
have largely avoided 
dentistry so far If Cre¬ 
ative BioMolecules suc¬ 
ceeds in bringing a 
profitable product to 
market, it may reverse 
that trend. "We believe 
there is significant 
commercial opportuni¬ 
ty in dental therapeu¬ 
tics," says Charles Co¬ 
hen, the firm's presi¬ 
dent. Investors appear 
to agree. They snapped 
up $16 million worth 
of stock floated by the 
company m late Au¬ 
gust. —W. Wi^ytCibhs 




ROOT CANAL replaces the entire pulp of a tooth with rul7f7er(left). 
A less painful alternative may he to remove only infected pulp and 
cover wifh OF-J, wfric/t regenerates dentin to seal the wound (right). 
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action that normally requires toxic re¬ 
agents, And James Tanko of the Virgin¬ 
ia Polytechnic Institute and State Uni¬ 
versity has tested supercritical carbon 
dioxide (carbon dioxide in a state be¬ 
tween a liquid and a gas) as a solvent 
to replace two environmentally malign 
carcinogens, carbon tetrachloride and 
benzene, as well as freon, an ozone-de¬ 
pleting chlorofluorocarbon. 

Industrial chemists who have to jus¬ 
tify their results to hardened chemical 
engineers down the hall are less than 
likely to be enthralled with the depart¬ 
ment-store paraphernalia of their aca¬ 
demic colleagues. The hundreds of mil¬ 
lions of dollars spent on researching 
the best way to m^e a commodity pet¬ 
rochemical have in many cases been 
amortized for decades. It will be some 
time before the industry decides to re¬ 
place reaction vessels for processing 
petrochemicals with huge vats of biore¬ 
active bacteria. “When you think of the 
size of the tanks needed to make 500 
million pounds a year of adipic acid, 
you run into some very practical prob¬ 
lems that have to be addressed, I don't 
know if they can be,” says Michael K, 
Stem, an organic chemist at Monsanto, 
Yet mainstream chemical makers 
have become advocates for a more 
moderate brand of “green'* synthesis- 
one that takes into account the color of 
money. Patents on many chemicals ex¬ 
pired long ago. Replacing a skull and 
crossbones on a 50-gallon drum with a 
green label may bring not only a public 
relations coup but dso new revenues 
from products replacing tired, generic 
commodities, Monsanto has invented a 
process that eliminates phosgene, the 
redoubtable chemical warfare agent, in 
the manufacture of isocyanate, an in¬ 
termediate chemical that goes into ure¬ 
thane foams and resins. A pilot plant at 
Monsanto headquarters in St. Louis is 
also testing replacements for chlorine 
in a widely used process that yields ma¬ 
terials for such products as fibers and 
tires. Benzene is still present in the lat¬ 
ter formulation, but the new recipe 
avoids having to get rid of mountains 
of chloride salts. “Monsanto could po¬ 
tentially eliminate 50 million to 60 rnil- 
lion pounds of salt,'* Stern remarks. 

Going much beyond mere environ¬ 
mental centrism may require a change 
in thinking that detaches industrial 
chemistry from the precursors of oil 
slicks. Synthetic chemists have come to 
view environmental diemistry as more 
about cleaning up a waste repository 
than about designing wholly novel mol¬ 
ecules. The EPA and the National Sci¬ 
ence Foundation, which launched an¬ 
other grants program with the agency 


earlier this year, want to carve out a new 
role for chemists that takes into account 
pollution prevention when designing 
chemicals. “Chemists have as funda¬ 
mental an effect on a new chemical 
product as an architect does on how a 
building looks ” says the epa*s Anastas. 

To move in this direction, the epa and 
the National Science Foundation want to 
get them young. Officials from the two 
agencies are to meet next spring with a 
number of publishers to try to convince 
them to emphasize a “benign by de¬ 
sign” agenda in new textbooks—a theme 
that will allow book editors to indulge 
in the green-marketing fad. Separately, 
the EPA is also examining expert sys¬ 


tem software that could flag different 
chemical routes for arriving at a target 
molecule. 

The agency may get some assistance 
from industries not wedded to the cat¬ 
alytic cracking tower. Mammoth grain 
companies In search of fresh markets, 
such as Archer Daniels Midland (ADM), 
have already begun large-scale process¬ 
ing of biochemicals. ADM has started 
to convert cornstarch into the amino 
acid tryptophan for animal feed—just 
a chemical step or two away from con¬ 
cocting industrial products such as in¬ 
digo dye. The reactions needed to make 
faded blue jeans are not much different 
from those that Frost coaxes from his 


Software Skipper 

A convoy steams through the icy waters of the North Atlantic, much the way 
convoys did 50 years ago carrying needed goods to overseas friends and 
allies. But this convoy, except for the flagship, is totally unmanned. All naviga¬ 
tion functions have been automated. Inputs from radar, Doppler sonar and 
satellite navigation systems are analyzed by artificial intelligence, compared 
with digitized chart and course data, and any necessary course corrections are 
made by the ship. If other vessels are met on the high seas or in restricted 
channels, evasive maneuvers are carried out automatically, and when the dan¬ 
ger is past, the convoy is placed back on its optimized course. 

The skeleton crew on the flagship has little to do. Its presence is mostly a 
concession to out-of-date maritime regulations that require human control of 
crlticai functions. No such convoys piy the seas today, but according to Mitsu¬ 
bishi Heavy Industries (MHI) in Tokyo, much of the technology that could make 
such a scenario possible is already in place. 

MHI, one of the largest shipbuilders in the world, has already launched one 
ship, a 258,000-ton very large crude carrier supertanker, with much of the on¬ 
board technology that an unmanned ship would require. Built at MHfs Nagasa¬ 
ki Shipyard and Engine Works for Shinwa Kaiun Kaisha Ltd., the frrst of this new 
generation of computer-managed and computer-guided ships has already suc¬ 
cessfully completed a voyage to the oil fields of the Middle East with fewer than 
two dozen hands and officers on board—far less than a ship of this size nor¬ 
mally requires. Computer systems assist with virtually every aspect of the ship's 
operation, from power plant maintenance and cargo handling to navigation and 
collision avoidance. 

The nerve center of the ship, called Super Bridge by MHI, has the edge on any 
human helmsman because ft never sleeps, and it monitors inputs from all in¬ 
struments and navigation systems simultaneously. Without skipping a beat, the 
system also surveys its human counterpart on the bridge by periodically flash¬ 
ing a signal on its CRT touchscreen that calls for a response. If the watchkeeper 
is napping, is otherwise incapacitated or fails to respond in the requisite time 
for any reason, Che system will alert the ship's officers in their quarters or any¬ 
where else they may be. This feature alone might have averted an Exxon Valdes: 
disaster, but Super Bridge does much more. 

Based on digitized chart data for the chosen course, the system displays the 
planned route on a monitor that can also report on the movements of up to 40 
other nearby vessels. If any one of those other ships is found to be on a colli¬ 
sion course, the systems sound a warning, calculate an optimized evasive course 
and present it on the monitor. The suggested evasive maneuver takes digitized 
chart data into consideration, avoiding reefs and shallows to prevent ground¬ 
ings and strand ings. 

In the absence of imminent danger, the system collects and monitors ship 
data, plans optimum routes that take into consideration present and predicted 
weather conditions and acts as an autopilot. Of course, ships have had autopi- 
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microbes. “If you Jook at the sheer size 
of some of these grain-processing com¬ 
panies, they can give commodity chem¬ 
ical manufacturers a run for their mon¬ 
ey," Frost says. 

Still, a move to green synthesis may 
proceed slowly, since it will require vol¬ 
unteers. The EPA only makes recom¬ 
mendations to companies on alterna¬ 
tive ways of making chemicals. It does 
not mandate such changes. 

These toxic crusaders must also be¬ 
come fund-raisers. The epa doled out 
about $330,000 in grants during the 
federal fiscal year that ended September 
30. The National Science Foundation's 
Environmentally Benign Chemical Syn¬ 


thesis and Processing l^ogram, whose 
grant applications the epa will jointly 
evaluate, wlU distribute S2 milli on or 
more for the current funding year. 

More help may be on the way. Al¬ 
most $2 billion in funding has been 
proposed for a multiyear environmen¬ 
tal technologies program that the Clin¬ 
ton administration put forward in mid- 
February as part of its economic-stimu¬ 
lus plan. Congress is considering a spate 
of bills intended to promote green tech¬ 
nologies. The legislative hyperkmesis 
may be appropriate, 'fransmuting base 
metals into Krugerrands may be eas¬ 
ier than switching from benzene to 
comstarc h. — Gary Stix 


Power Play 

A bioentrepreneur does some 
expert broken-field running 

S hould entrepreneurial conviction 
be able to influence how a prod¬ 
uct is tested and approved? Does 
deft manipulation of Congress and ex¬ 
ecutive agencies amount to cutting red 
tape, or is it harnessing the machinery 
of govemmenl to corporate interests? 
Listen to the tale of MicroGeneSys in 
Meriden, Conn., and its therapeutic vac¬ 
cine for the AIDS vims, VaxSyn. 

In principle at least, MicroGeneSys's 
product appears to represent a plausible 
approach. It is administered to individu¬ 
als already infected with HIV, the human 
immunodeficiency virus, which causes 
AIDS. VaxSyn, its proponents maintain, 
stimulaies the imm une system in such a 
way that the progression of AIDS may 
be slowed. Several other companies are 
also developing therapeutic AIDS vac¬ 
cines. They include Genentech, Immu- 
no AG, Biocine (a collaboration between 
Chiron and Ciba-Geigy) and Immuniza¬ 
tion Products. The MicroGeneSys vac¬ 
cine incorporates the envelope protein 
of the AIDS virus, known as gp-160. 

All the products are currently in the 
early stages of testing with small num¬ 
bers of volunteers. But because Micro- 
GeneSys's product has been in develop¬ 
ment the longest, the company's chair¬ 
man, Franklin Volvovitz, decided last 
year to go aU out for a full-scale trial to 
prove that VaxSyn beneflts patients. He 
retained the former senator Russell B. 
Long of Louisiana to represent Micro¬ 
GeneSys's interests to the world's most 
influential deliberative body. 

Lo and behold, in October 1992, when 
Congress passed the 1993 Defense Ap- 
propriation Act, it provided $20 million 
to pay for “a large-scale Phase ID clini- 
caJ investigation of the gp-160 vaccine," 
AIDS researchers at the National Insti¬ 
tutes of Health and regulators at the 
Food and Drug Administration were 
incensed that one product was being 
pushed ahead of the crowd. Although 
VaxSyn appears to be safe and to have 
some effects on the immune system, 
the importance of those effects is hotly 
disputed. “We have no idea what Mi- 
croGeneSys's data mean,” declares Ste¬ 
ven Schnittman, a researcher at the nih. 
It did not help that the U.S. Army was 
mvestigaiing its own chief AIDS re¬ 
searcher, Robert R. Redheld, for scien¬ 
tific misconduct, after he was accused 
of exaggerating the effects of VaxSyn 
in a public presentation. (Redheld was 
cleared of the charge.) 


lots for a long time, but the system that seamen dubbed “‘Iron Mike” in the past 
did nothing but maintain a compass heading. Super Bridge, thanks to the Glob¬ 
al Positioning System, can record actual position and maintain the vessel on a 
true course without errors because of winds or currents. 

At present, the digitized chart data that Super Bridge requires must be pro¬ 
duced chart by chart for each ship and route. There is no source of digitized 
charts for the world's oceans that is approved by all maritime nations or even by 
one nation. That should change soon. The International Maritime Organization Is 
now working on a stand and i zed Electronic Chart Display Information System. But 
for now, MHI will digitize charts for shipowners who, under Japanese maritime 
law, are not allowed to do so on their own. MHI itself must get permission from 
the Japanese coast guard. 

Whether the prospect of unmanned supertankers plying the trade routes of 
the worlds oceans will ever be acceptable from a geopolitical point of view is an 
open question. But the concept of backing up human fallibility with a fully com¬ 
puter-operated ship is certainly a welcome development at a time when fragile 
ecosystems are increasingly threatened by marine disasters. The Exxon Vafeiez 
is arguably more famous than Captain Bligh's Bounty. Such events, absent an 
improvement in the control of ocean traffic, are likely to become even more 
common. One estimate has it that within 10 years, the Bosporus Strait could 
see 1,200 supertanker passages every year—each bearing more than 100,000 
tons of crude from cash-starved former Soviet republics to energy-hungry in¬ 
dustrial economies. —Robert Patton, Tokyo 



AUTOMATED CAPTAINS are presaged by this 258,000-ton oil tanker, built by 
Mitsubishi Heavy Industries, which contains a computerized guidance system. 
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The heat coming from the kitchen 
began to reach the upper floor, Bema- 
dine P, Healy, then director of Che Nm, 
and FDA commissioner David A, Kessler 
questioned the plan for the one-drug 
study. Healy convened a special blue- 
ribbon committee to come up with a 
plan for a comparison trial of several 
of the available products. Patients in a 
specific stage of HIV infection—about 
12,000 in all —wouid be assigned to re¬ 
ceive one of three therapeutic vaccines 
or a placebo. Defense Secretary^ Les As- 
pin agreed to transfer the $20-million 
appropriation for the trial to the De¬ 
partment of Health and Human Servic¬ 
es, the nth’s parent agency. 

Testing a number of different prod¬ 
ucts to see which might work has a cer¬ 
tain commonsense appeal. But Volvo- 
vitz says because such a test spreads 
resources more thinly, it “would signif¬ 
icantly reduce your chances of proving 
that one of them works.’’ Volvovitz, 
who accuses the nut of being biased 
against therapeutic vaccines, also con¬ 
tends that the participation of other 
companies threatened to slow the trial. 

Volvovitz’s next move effectively tor¬ 
pedoed the NTH plan. Although com¬ 
panies normally supply products they 
have developed free for trials organized 
by the government—and although the 
other potential participants agreed to 
do so—Volvoviiz wrote the health de¬ 
partment that he would have to charge 
cost price for VaxSyTi: some $10 mil¬ 
lion, ilie department, not wishing to set 
the precedent, declined to go forward, 
and the $20 million earmarked for the 
test stayed with the army. 

The military, however, found the 
funds insufficient to conduct a multivac¬ 
cine study, even had the law allowed 
it to. According to Captain Bill Buckner, 
an army spokesperson, the $20 million 
is sufficient to test only one product— 
VaxSyn, The trial will study about 6,000 
vt)lunteers infected with HJV. The army- 
like the Department of Health and Hu¬ 
man Services—needs the manufacturer 
10 donate the vaccine. And for the one- 
vaccine trial, MicroGeneSys has been 
able to find money to supply the prod¬ 
uct, Wyeth-Ayerst Laboratories, a com¬ 
mercial partner in the development of 
VaxSyn, is reimbursing MicroG^eSys for 
supplies used in the first year of the trial. 

Some observers have sympathy with 
the plight of a small company that 
is effectively obliged to supply large 
amounts of product without charge. 
Manufacturers have to assume full lia¬ 
bility should anything go wrong, they 
point out, 'The government should at 
least provide sovereign immunity to de¬ 
velopers of vaccines " says Robert W, 


Rubin, vice provost and deputy dean 
for research at the University of Miami 
School of Medicine, who has run several 
clinical studies, Volvovitz cites previous 
instances where the nth has purchased 
vaccines or products for use in clinical 
trials. But Rubin insists MicroGeneSys’s 
willingness to provide its product for 
the army’s single-vaccine trial makes its 
previous plea of penury^ "harder to de¬ 
fend ethically.’' 

"It is rather disconcerting," com¬ 
ments Victor Zonona, a spokesperson 
for the health department. “We would 
still like to go forward with a multican¬ 
didate trial, but that has been scuttled 
by one company.” According to Zono¬ 
na, cabinet-level discussions are under 
way to ascertain whether a multivac¬ 
cine trial can be rescued. 

Other manufacturers are also dis¬ 
mayed. *'We still stand behind the rec¬ 
ommendations of the NTH that there 
should be a comparative trial of several 
vaednes," asserts Geoffrey Teeter of 
Genentech. Bui Larry Kurtz of Chiron 
believes not one of the AIDS vaednes 
now in development has enough sup¬ 
portive evidence to justify a full-scale 
efficacy trial. “It is just a shame with 
AIDS that this kind of money should be 
devoted to one product on the basis of a 
good lobbyist," he says.—Tim Beardsiey 


ECM for 747s 

Should commercial airliners 
carry high-tech protection? 

F or the white-knuckle flier—or even 
the passenger who sleeps through 
takeoff and landing—the case for 
protecting an airliner from Stinger mis¬ 
sile attacks and other paramilitary as¬ 
sault would seem open and shut. After 
all, the dispersion of advanced weapon¬ 
ry fit>m the arsenals of demixiracy, nt)t to 
mention the baigain basement of the for¬ 
mer Soviet Union, has put formidable an¬ 
tiaircraft ptrw'er in the hands of terrorists. 

The U,S. government and the aero¬ 
space industry would appear to agree. 
The American Defense Preparedness As¬ 
sociation (ADPA), a de facto brain trust 
of the military-industrial complex, along 
with the Federal Aviation Administration 
(faa) and the Department of Defense, 
has sponsored a three-day conference in 
mid-October. It will touch on how to 
protect both commercial and military 
aircraft against the predations of heat¬ 
seeking missiles by employing electron¬ 
ic countermeasures (ECM). The confer¬ 
ence on aircraft survivability will also re¬ 
port on structural hardening and other 


continuing work toward bombproofing 
of passenger and cargo aircraft. 

Such considerations are not hypothet¬ 
ical, Since 1970 a surface-to-air missile 
attack on a civilian aircraft has become 
an almost once- or iwice-yeariy occur¬ 
rence, mostly in world trouble spots, ac¬ 
cording to Marvin B. Schaffer, a senior 
physical scientist with RAND, the San¬ 
ta Monica, Calif,, research group. One 
might even wonder why the carnage has 
not been greater. For the price of a top- 
of-the-line Mercedes—$50,000 to $100,- 
000—the enterprising paramilitarist can 
buy an SA-14, the Russian equivalent of 
a Stinger missile launcher. And the real 
thing is out there-courtesy of U.S. ef¬ 
forts to support its allies and surrogates 
around the world. The Clinton adminis- 
tration has reportedly proposed allo¬ 
cating $55 million to buyback Stingers 
from the Afghan freedom fighters, the 
mujahedeen. 

Miat to do while such plans are devel¬ 
oped and implemented? One approach 
might be to adapt the protective hard¬ 
ware used on board military transports 
and special aircraft such as Air Force 
One. They are equipped to send out 
flares or modulated infrared pulses. 
Heat signals from an infrared Jammer, 
for example, may confuse the missOe’s 
heat-seeking detectors as to the actual 
location of the targeted aircraft. Atten¬ 
dees at the conference will now consid¬ 
er the notion of equipping even com¬ 
mercial aircraft with this technology. 

So, the average passenger may think, 
what are we waiting for? In fact, an faa 
task force was set up last year to study 
the threat from shoulder-fired missiles. 
But the carriers themselves may regard 
such threats as far less real than their 
immediate economic challenges. Amer¬ 
ican Airlines and United Airlines, it 
would seem, might view the fares of 
budget carrier Southwest Airlines as a 
more imminent menace than Stingers 
in the airspace above U.S. airports. 

No major air carrier had accepted the 
ADPA’s invitation to attend the meeting. 
Joseph J. Shallcross, executive vice presi¬ 
dent for operations at World Airways, a 
Virginia-based mtemationaJ cargo and 
charter carrier, is uncertain whether he 
will speak, despite a place on the agen¬ 
da. “This industry is in a deep and seri¬ 
ous depression,” Shallcross says. "We're 
losing jobs on a daily basis. We have no 
spare cash for anything, especially for 
hardening the top of an aircraft in case 
a meteor hits it," 

Shallcross and other industry execu¬ 
tives may well have a point. Further¬ 
more, attempts to turn civilian aircraft 
into rmssUe-impervious fortresses may 
produce their own set of technical pit- 
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falls. "As bad as it would be for an air¬ 
liner to get hit by a missile while wait¬ 
ing for takeoff at Washington National, 
it would be almost as bad for the air¬ 
liner to all of a sudden start spitting 
flares out its taii,” remarks Russ Stan¬ 
ton, the army’s assistant program man¬ 
ager for infrared countermeasures. 

Infrared countermeasures may make 
army toilet seats seem inexpensive. 
Army helicopters currently fly with bar¬ 
gain-basement infrared jammers that 
cost $20,000 to $30,000, Stanton says. 
Prices could escalate dramatically for a 
wide-body aircraft. 

Ultimately, some experts think, elec¬ 
tronic countermeasures may preserve 
more industry jobs than aircraft. "This 
is an attempt to hype the problem to 
establish a market where none exists,” 
comments Vincent M. Cannisfraro, a for¬ 
mer chief of counterterrorism opera¬ 
tions for the Central Intelligence Agency. 
Despite the avaRability of these weapons 
for 20 years from international arms 
dealers, most incidents have involved 
civilian aircraft entering war zones. For 
the anxious, he says, the tools of terror 
lurk everywhere: radioactive isotopes 
or biological agents could have made 
the World Trade Center uninhabitable 
for more than just a few weeks. "Does 
that mean we ought to inoculate every¬ 
body against anthrax? I don't think so." 

Bombs that get past preflight securi¬ 
ty are also getting attention, although 
the number of bombings has dimin¬ 
ished, perhaps because of better secu¬ 
rity after the downing of Pan Am Flight 
103 over Lockerbie, Scotland, in 1988, 
The faa’s research and development 
staff is contemplating how to for^y the 


commercial airliners of the future with 
hard bodies. The agency sponsors a 
more than S4-iniIlion-a-year program to 
do computer modeling of blast effects 
and live bomb testing on scrapped air¬ 
frames. It has been working with the De¬ 
partment of Defense and Boeing, McDon¬ 
nell Douglas and Lockheed to determine 
the dynamics of a bomb blast in a civil¬ 
ian liner. These efforts may eventually 
yield a bomb-resistant design that might 
come into service after the year 2000. 

In both Europe and the U.S., spe¬ 
cialists in structural design have built 
prototype baggage containers that will 
absorb or attenuate the impact of the 
blast of a bomb weighing up to three 
pounds (the plastic explosive that de¬ 
stroyed Pan Am 103 may have weighed 
less than a pound). Baggage containers, 
designed with finite-element analyses 
to calculate structural loading from a 
blast, have been built from polymer 
composites bolstered with reinforcing 
fibers. The boxlike structures would re¬ 
place the removable compartments now 
in wide-body aircraft {narrow-body air¬ 
planes do not carry them) toward the 
end c]f their three- to four-year lifetimes. 
"They would be a lightweight modular 
structure that might resemble a Fisher- 
Price toy,” says Kenneth J. Hacker, the 
chief of the faa’s aircraft-hardening 
program. “They might cost more, but 
they would last four to five times longer 
than a container made of aluminum.” 

One container, designed by Jay cor, a 
San Diego company, has been built to 
absorb the entire force of the blast. An¬ 
other prototype, from Royal Ordnance, 
a division of British Aerospace, is light¬ 
er in weight than is the Jaycor baggage 


hold. It is intended to lessen the im¬ 
pact, although it may not fully contain 
the blast effects. If the receptacle does 
rupture, it does so slowly, which dimin¬ 
ishes blast damage to the fuselage. 

The metal of the fuselage in future 
aircraft might be fitted so that if the 
container could not hold the forces gen¬ 
erated by the bomb explosion, the en¬ 
ergy would be discharged through the 
release of a side panel in the fuselage. 
This hole, adjacent to surrounding re¬ 
inforced areas, would impede the for¬ 
mation of loose metal flaps that may 
have contributed to the Pan Am disaster 
by causing long, seamlike rips in the 
aircraft body, which could lead to the 
loss of aerodynamic stability. 

Yet even such relatively inexpensive 
replacements for today’s baggage con¬ 
tainers do not thrill finandally strapped 
airlines. It costs American Airlines more 
than $5 million a year to repair and 
maintain existing baggage compart¬ 
ments, an expenditure that might in¬ 
crease for a more elaborately construct¬ 
ed receptacle. 

Homer Boynton, who recently retired 
as managing director for security at 
American Airlines, opposes forcing car¬ 
riers to absorb security costs. Outside 
the IJ.S., he notes, other governments 
often pick up the check for such pro¬ 
tective measures. “This is another ex¬ 
ample where our government has come 
up with ways to spend the airlines' 
money,” Boynton remarks. Cries of pov¬ 
erty may yet grow louder. In coming 
years the Clinton administration may 
find what keeps the airplanes on the 
ground are airline creditors, not Stinger 
missiles. —Gary Stix 
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THE ANALYTICAL ECONOMIST 


Ivy League Bonus Babies 


S hould elite universities such as 
Harvard and Cornell be allowed 
to consult with one another (some 
may say collude) on their offers of fi¬ 
nancial aid in order to avoid compet¬ 
ing for the most desirable applicants? 
Can this “price fixing” be justified if it 
stretches aid budgets further? Does it 
mean that more minority and low-in¬ 
come kids can attend? Do we all ben¬ 
efit from having a diverse mix of stu¬ 
dents at the most selective private uni- 
versities? Is such an arrangement fair if 
it reduces the size of the scholarships 
going to individual students at the top 
of the heap—the ones for which the 
schools might otherwise have a bid¬ 
ding w'ar ? 

In 1991 eight Ivy League colleges 
signed a consent decree ending their 
practice of sharing information on finan¬ 
cial aid, faculty salaries and tuition, after 
the U.S. Department of Justice br(]ught 
a civil antitrust suit against them. The 
Massachusetts Institute of Technology 
alone refused to sign and was uled and 
found guilty^ of price fixing. In Septem¬ 
ber of 1993, M.I.T. won an appeal of 
this ruling. The Department of Justice 
has not decided whether to pursue the 
matter further. 

WTien sellers compete with one anoth¬ 
er, according to economic theory, con¬ 
sumer welfare is maximized. This prop¬ 
osition forms the basis of our antitrust 
laws. They explicitly forbid “joint pric¬ 
ing” or “price fixing," Economists know 
that in any market where the number 
of sellers is small enough to organize 
and monitor and it is difficult for new 
sellers to enter and compete, there is in¬ 
centive to form a cartel. 

Such economists as Lawrence J. White, 
professor at the New York University 
Siern School of Business, believe this 
theory applies to colleges as much as it 
does to profit-maximizmg firms: “The 
nonprofit, cooperative status of colleg¬ 
es does not make them unique. Even 
nonprofits are concerned with revenue 
needs and competition, so they have an 


iUDlTH FIELDS teaches economics at 
Herbert H. Lehman College, City Univer¬ 
sity of New York, in the Bronx. 


economic incentive to try to fix prices," 
he says. If collusion results in a greater 
diversity of students and that improves 
the overall quality of education at the 
school for everyone, WTiite still sees 
no justification for exemption from the 
law. “JTie college should be able inter¬ 
nalize these returns,” he asserts. “If they 
really go after the most attractive guy or 
girl (in a bidding war], it must be that 
he or she contributes more to the rest of 
the university* and if this is the case, 
then the college shooid be able to charge 
the other students more because it is a 
more worthwhile educational experience 
for them. If this is not the case, then 
why should Harvard get into a bidding 
war? Why doesn't it say: let Princeton 
get the top guy or girl, well go for the 
next worthy student.” 

“I think iCs a phony argument," de¬ 
clares Daniel Steiner, former vice presi¬ 
dent and general counsel at Harvard, 
now at the John E. Kennedy School of 
Govermnent there. “Colleges are not like 
dealers selling automobiles. Who else 
goes out and seeks people who cannot 
pay and tries to attract them as the col¬ 
leges do?" he asks. 

Richard R. Spies, chief financial offi¬ 
cer of Princeton Univcrsity'i also dis¬ 
agrees with the antitrust position. “I 
find the argument against the colleg¬ 
es unpersuasive,” Spies says. “There is 
an institutional self-interest in having 
a diver si W of students, but our actions 
are also driven by a larger social objec¬ 
tive. There is a return to the country^ as 
a whole." 

If having the Ivy League educate more 
poor and minority kids has a payoff for 
the country as a whole, the colleges are 
producing what economists call “exter- 
naltiies.” These are incidental by-prod¬ 
ucts of production or competition that 
benefit (or hurt) others. Acid rain is a 
negative extemallty- 

No one doubts the existence of posi¬ 
tive externalities from education, but as 
Ronald G. Ehrcnberg, professor of eco¬ 
nomics at Cornell, points out, there is 
nor much hard evidence to prove that 
coordinated aid actually produces exter¬ 
nal benefits. He would rather see gov¬ 
ernment policies increase attendance of 
needy students at selective public insti¬ 
tutions. “It does not satisfy broad na¬ 


tional goals to facilitate access of low-in¬ 
come and minority students to elite pri¬ 
vate colleges,” Ehrenberg says. 

On the other side. Spies makes a com¬ 
pelling point when he offers an argu¬ 
ment much like the theory recently 
advanced by the former president of 
Princeton, Wilham G. Bowen, now pres¬ 
ident of the Andrew W. Mellon Founda¬ 
tion, and David W. Breneman, the for¬ 
mer president of Kalamazoo College, 
now at Harvard. Spies observes that the 
rationale for the law^s against joint pric¬ 
ing should not apply to these particu¬ 
lar, highly selective colleges since their 
joint action was not designed to maxi¬ 
mize their profits or even to increase 
their revenues. “This is not price dis- 
criniination," contends Spies, referring 
to a practice in which sellers charge 
high prices to some buyers and low¬ 
er the price to those who cannot or will 
not pay more. “The colleges that were 
the target of the antitrust action could 
easily sell all the places In their incom¬ 
ing freshman classes a I fuU tuition. They 
don't offer financial aid to increase rev¬ 
enue; in fact, they lose money by doing 
so. They are performing a vital pubUc 
function,” he argues. 

in July of 1992, right after the M.I.T. 
loss in Federal District Court, Congress 
passed an amendment to the Higher 
Education Act of 1965 giving colleges 
limited permission to cooperate in set¬ 
ting standards for financial aid. William 
R. Cotter, an attorney and the president 
of Colby College, sees this action as a 
vindication of the colleges' position: 
“Congress, too, has recognized that 
need-based financial aid is really the 
most sensible way to allocate scarce 
scholarship resources," Cotter says. 

Even so, as Spies emphasizes, “there 
is still a lot of room for a bidding war to 
develop, and there is a general climate 
of inhibition. The colleges feel you have 
to have three lawyers present defending 
every^ conversation, lltey have spent a 
fortune in legal fees defending the anti¬ 
trust charges—and to what social pur¬ 
pose, I just don’t know.” 

Whatever the eventual result of the 
legal process, finaiidal constrainis alone 
may force the final oulcome. According 
to Ehrenberg, “We have likely reached 
the point when need-blind admissions 
policies and need-based fioancial aid 
have become too expensive for the col¬ 
leges to maintain." —JiidUh Fields 
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MATHEMATICAL RECREATIONS by Ian Stewart 


Fermat’s Last Time-Trip 


O n a warm evening late in June, 
1 settled into a garden rediner 
to read the newspaper. A from- 
page stor>^ reported that Andrew^. Wiles 
of Princeton University had solved one 
of the great probiems in mathemat- 
icS“Fermat*s Last Theorem. Wiles an¬ 
nounced the result at the end of three 
lectures, which were innocently entitled 
“Modular Forms, Eiliptic Curves and Ga¬ 
lois Representations," The packed au¬ 
dience strongly suspected that Wiles 
had Fermat up his sleeve, and they 
were right. I wondered whai the French 
mathematician Pierre de Fermat would 
make of all this were he to be trans¬ 
ported suddenly 350 years into the fu¬ 
ture, The night air was still quite warm, 
and 1 dedded to shut my eyes for a bit. I 
was not asleep very long when I was dis¬ 
turbed by a curious high-pitched whine. 
I looked up, and there on the lawn was a 
strange contraption made of shiny met¬ 


al and glass. A man was sitting inside 
the machine. lie wore a black cloak, 
and his long hair was tied up with a 
ribbon. He climbed out and introduced 
himself as Pierre de Fermat, “Excuse 
me," I stammered, “but I thought you 
ched three centuries ago." 

“Oh, heavens no, 1 just met this inter¬ 
esting gentleman, H. G, Wells—perhaps 
you know^ him/' 

“1 know of him," I said in a strangled 
voice, 

“He daimed to be from the future. I 
did not believe this was possible, so he 
loaned me his machine, I now see that 
he was telling the truth.” 

“YouVe arrived at a propitious mo¬ 
ment," 1 told him, "Your last theorem 
has just been proved." 

“My what?” 

“Do you remember writing a note in 
the margin of your copy of the Arithmet- 
rcfl? You wrote: 'To resolve a cube into 


the sum of tw^o cubes, a fourth power 
into tw’o fourth powers, or in general any 
power higher than the second into two 
of the same kind, is impossible: of w^hich 
fact I have found a remarkable proof. 
The margin is too small to contain it/ ” 

“Ah, yes." 

“In algebraic symbolism, you said that 
if n is a whole number greater than two 
and if X, y and z are nonzero whole 
numbers, then = has no so- 

lutions. This conjecture has come to be 
known as your last theorem, because it 
was for many years the sole remaining 
assertion of yours that had neither been 
proved nor disproved by your succes¬ 
sors. Nobody could reconstruct your al¬ 
leged ‘remarkable proof/ and most peo¬ 
ple doubted that you ever possessed 
one. For more than three centuries, the 
best mathemarical minds in the world 
grappled with your last theorem—occa¬ 
sionally making progress but never 
quite polishing it off—until its dramat¬ 
ic solution by Andrew Wiles." 

I showed Fermat the paper and wait- 



“MATH WHIZ Who Baltled 350-Year-Otd Froblem" runs the orem. The great French mathematician himseif arrives in a 
headline of a story about the recent proof of FermaTs Last The- Time Machine to visit tan Stewart as he ponders the Mews. 
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ed while he digested the article. “They 
are calling it the * Holy Grail* of mathe¬ 
matics? ‘Theorem of the century *? Good 
gracious 

“Did you have a proof?” i asked. 

He smiled* “Not so fast. Before 1 re¬ 
veal my secret, I must ask you to tell 
me of the remarkable mathematical de¬ 
velopments that have culminated in the 
proof of my modest coqjecture.” 

“Fine," 1 said, “but first you must at 
least tell me how you came up with 
your last theorem*” 

“Certainly. My first love has always 
been number theory: the study of ordi- 
naiy^ whole numbers* As you may know\ 
a Greek named Diophantus had set the 
subject in motion by inventing the idea 
of a 'Diophantine equation*—an equa¬ 
tion that must be solved in whole num¬ 
bers—and writing a book about them, 
the Arithmetica. An important example 
is the Pythagorean equation 
z^: tw^o squares whose sum is a square* 
This equation has whole number solu¬ 
tions, such as 4^= 5^ and 12^ 
= 13^* In fact, there are infinitely many 
whole number solutions. 

“Some time around 1637,1 was read¬ 
ing Diophantus and thinking about the 
Pythagorean equatiorL It occurred to 
me tcj ask what happens if instead of 
squares you try^ cubes* At first 1 experi- 
menred with some simple cases: is 1 ^ + 
2 ^ a cube? No, it equals nine. Is 2 ^ -i- 3 ^ 
a cube? No* 1 came close: for instance, 
9^-f-10'^= 1,729 and 12^ = 1,728, but 1 
could find no solutions at all, except 
for uninteresting ones, such as O^-i- 1^ 
~ 1 in which one number is zero* My 
repeated failures to find any solutions 
led me to my modest conjecture.” 

“Okay, let me begin to explain how 
your conjecture was proved,” 1 said. “As 
you know, the only cases that need be 
treated are when n = 4 or ti is prime.” 

“Yes* Because, for example, every^ per¬ 
fect 15th power is also a perfect cube, 
so any solution for the 15 th power is 
automatically a solution for cubes." 

“Right. In symbols, so if 

+ = then = 

Because any integer greater than two is 
dnisible either by four or by an odd 
prime, the same argument shows that 
four and odd primes are the only pow¬ 
ers that need be investigated. You your¬ 
self made the first inroad, with a proof 
for fourth powers, n = 4.” 

“Yes, T am proud of that—my meth¬ 
od of ‘infinite descent** I assumed for 
tactical reasons that there w'as a solu¬ 
tion to a slightly more general equa¬ 
tion, z^* It is more general be¬ 

cause any fourth power is also a square. 
1 noticed that such a solution would 
give a Pythagorean triangle with two 
sides that were themseives squares [see 


lUustration on opposite pagel i applied 
the standard formula for Pythagorean 
triangles, made a few simple deductions 
and found T could construct another so¬ 
lution of the equation -h y^ = with 
smaller nonzero values of x, y and z* 
Continuing in this manner, I was led to 
the inevitable conclusion that the exis¬ 
tence of any solution at all would force 
the smallest possible nonzero num¬ 
bers—x = 1, y = 1—to be a solution, but 
it does not. Therefore, no solution to 
x‘*-F = z^ can exist, and in particular 

no solution to x"* -K y = z*^ cart" 
“Cunning,” I said. “So then the only 
cases left were when n is an odd prime* 
You also proved the case n - 3, sums 
of two cubes. Independently, the Swiss 
mathematician Leonhard Euler proved 
the same two cases n = 3, 4. Peter G* 
Lejeune Dirichlet proved n = 5 in 1828, 
and so did Adrien-Marie Legendre in 
1830. In 1839 Gabriel Lame tried to 
prove n = 7; he made some mistakes, 
but these were corrected by Henri Le- 
besgue in 1840.” 

“So after two centuries, only the spe¬ 
cial cases « = 3, 4, 5, 7 were proved? 
Did nobody have a general idea? " 
“Lame, in 1847. He claimed to have 
a proof for all powers n. But Ernst E, 
Kummer discovered a mistake—a ver>^ 
interesting mistake that pointed the 
way for future progress* Lame*s basic 
strategy turned out to be very fruitful, 
but his tactics were bad*” 

“And wliat was that strategy? ” 

“To introduce new kinds of numbers 
called algebraic numbers—more gener¬ 
al numbers than just whole numbers. 
They are referred to as algebraic be¬ 
cause they are solutions of algebraic 
equations, but the details arenT impor¬ 
tant* The expression + y^can be writ¬ 
ten as the product of two other expres¬ 
sions. For instance, when n ^ 5 we have 

x^+y^ = lx-i-y)^x-'-i-x^y-i- 
x^yH xy V y-^). 

fhe x-Hy factor is nice and simple, 
but the other one is a mess. Lame no¬ 
ticed that by using his algebraic num¬ 
bers he could express the complicated 
factor as a product of four much nicer 
factors. More generally, he could write 
+ y” as a product of n simple terms. 
Furthermore, the product of those terms 
was a perfect nth power, because x'^h- 
= He also noticed that no tw'o 
of those terms possessed a common 
divisor. Now, with ordinary' whole num¬ 
bers, If a product of terms without any 
common divisors is an nth power, then 
each term indi\1dualty is an nth power* 
That statement depends tmly on the 
fact that every number can be expressed 
as a product of primes in a unique way* 


“Lame assumed that the same proper¬ 
ty held for algebraic numbers. Then, in¬ 
stead of just having your single equa¬ 
tion, he had n different equations, each 
saying that one of die n terms is an nth 
power* And all of them had to he true 
simultaneously* This is asking an awful 
lot, and not surprisingly he was able to 
deduce that no solution existed**' 
“Hmm,'* Fermat said. “I had some 
similar ideas myself. But—” 

“But ifs not that simple, is it?” I in¬ 
terjected. “Kummer and others pointed 
out chat for n = 23, Lame's algebraic 
numbers can be written as a product of 
primes in more than one way* lt*s very 
curious, and the calculations are rather 
haiiy—1 could show' you if you want.*' 
He waved me on* “No, I will think 
about that for myself. Fascinating.” 

“Kummer asked why algebraic num¬ 
bers could have more than one prime 
factorization, and eventually he discov¬ 
ered that he could sort the whole thing 
out by introducing a new kind of gad¬ 
get altogether, which he called ideal 
numbers. They provided some ‘extra’ 
prime factors to make eveiyihing work 
out right. You can see it's getting rath¬ 
er complicated and more and more ab¬ 
stract now, but that's the way the math¬ 
ematics inevitably led. 

“By 1847 Kummer had used his theo¬ 
ry of ideals to dispose of your conjec¬ 
ture for ail n up to 100 , except ti = 37 , 
S9 and 67* By adding extra bells and 
w'histles to the mathematical machinery, 
Kummer and Dimitri Mirimanoff dis¬ 
posed of those cases, too, in 1857 . By 
1992 similar methods had proved aH 
cases n less than or equal to a million*'* 
“But almost all numbers are larger 
than a million,” Fermat obsen^ed* “Such 
a case-by-case approach could never 
succeed in solving the full problem*” 
“No. Of course, at any point some¬ 
body might have noticed something 
that opened up the entire game* But it 
didn’t go that way. Just more and more 
intricate special cases* A new idea was 
needed. And that came by a rather dif¬ 
ferent route. People started asking how 
many solutions a Diophantine equation 
might have. Some Diophantine equa¬ 
tions have infinitely many solutions— 
such as the Pythagorean equation* Some 
have none—ytJur equation for 3< n < 
one million, il’ we ignore trivial solutions. 
Some have finitely many—like + 2 = 
x^, whose only solutions in positive in¬ 
tegers are x = 3 , y = 5 * 

“In 1922 the English mathematician 
Louis J. Mordell was trying io work out 
what distinguished these pos*sihilities, 
and he started to see a likely pattern* 
He noticed that if you look at all solu¬ 
tions of such an equation in complex 
numbers—getting as general as you can, 
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no assumptions about whole numbers 
at all—then those solutions form a topo¬ 
logical surface. The surface has a ftnite 
number of ‘holes,* like a doughnut or a 
pretzel. What struck him as remarkable 
was that equations with infinitdy many 
whole number solutions always had no 
holes, or just one, when solved in com¬ 
plex numbers. There seemed to be a 
connection between the topology and 
the arithmetic. 

"This was wild stuff—nobody could 
see any way to get a solid connection 
between two such disparate branches 
of mathematics. But Mordell was suffi¬ 
ciently convinced that he published what 
is now called the Mordell conjecture, 
which states that equations that give rise 
to surfaces with two or more holes have 
only finitely many integer solutions.** 
Fermat looked puzzled. “How does 
this link to my conjecture?*' 

"The number of holes in the surface 
corresponding to your equation x" + y " 
-z'^is (n - l){n-2)/2, and for n ^3 
this is at least two. So the Mordell con¬ 
jecture implies that if your equation 
has any integer solutions at all, then it 
must have only finitely many.** 

Fermat looked even more perplexed 
“But if X, y and z form a solution, then 
so do 2x, 2y and 2z or 3x, 3y and 3z, 
and so on. Infinitely many.*' 

“Oops. I should have made it clear 
that Mordell was talking about solutions 
without any common factor.*’ 

“I see.*’ 

“Right. Now comes the first big break¬ 
through. In 1962 Igor R. Shafarevich 
came up with a new, rather technical 
conjecture about Diophantine equa¬ 
tions. In 1968 A. N. Parshin proved that 
the Shafarevich conjecture implies the 
Mordell conjecture. Finally, in 1983, the 
young German mathematician Gerd Falt- 
ings proved Parshin*s conjecture and 
therefore also MordelPs. Which means 
that your conjecture is nearly true: if 
for any m there are exceptions, there can 
be only finitely many of them. You’d 
like his proof: it uses a version of your 
method of infinite descent." 

"Ah." 

"But applied to very abstract things 
called abelian varieties.*' 

“Oh. Still, it is gratifying to see that 
my simple guess has given rise to so 
many deep and powerful new mathe¬ 
matical concepts." 

"Indeed. Now, you may object that 
finitely many solutions is not the same 
as none, and that’s quite right. But you 
will appreciate that it*s a big step to 
get a potentially infinite number of so¬ 
lutions down to a finite number. Soon 
afterward D. R. Heath-Brown modified 
Faltings*s approach to prove that the 
proportion of integers n for which your 


conjecture is true approaches 100 per¬ 
cent as n becomes very large. Your last 
theorem is ‘almost always true.* '* 

Fermat seemed pleased. “ That 1 would 
consider a general result, though per¬ 
haps a rather unspecific one, in that it 
does not state which values of n are 
exceptional.” 

"Correct. A more specific idea was 
still lacking. That came from a very 
beautiful theory’ that lies at the heart 
of the modern approach to Diophan- 
tine equations. It is the theory of ellip¬ 
tic curves." 

“What are those?*' 

“Equations of the form y^=ax^-^ 
+ d—d. perfect square equal to 
a cubic polynomial. They are called ‘el¬ 
liptic* because of a rather vague connec- 
rion with the problem of finding a for¬ 
mula for the perimeter of an ellipse and 
‘curves* because every' equation defines 
a geometric curve by way of coordinate 
geometry. One of the striking proper¬ 
ties of elliptic curves is that given a few 
integer solutions of the equation, you 
can combme them to get other solu¬ 
tions. There is a geometric construction 
to build new solutions out of old ones 
{see illustration on next page]. 

“Elliptic curves were one of the things 
that stimulated Mordell to liis conjec¬ 
ture, because the surfaces associated 


with them have only one hole or none. 
Over the years a very strong theory of 
elliptic curves has been developed. You 
could say they are the one area of Dio¬ 
phantine equations that people really 
understand pretty well. But the area has 
its own big unsolved problems, and the 
biggest of aO is the Taniyama-Weil con¬ 
jecture. This theorem says that every el¬ 
liptic curve can be represented in terms 
of modular functions—which are a kind 
of broad generaUzation of the usual 
trigonometric functions, sines and co¬ 
sines. It means that every^ elliptic curve 
has a kind of nice coordinate system. 

“Now we*re into the home stretch. 
Early in the 1980s Gerhard Frey of the 
University of the Saarlands made a cru¬ 
cial connection between your last theo¬ 
rem and elliptic curves. He related the 
least understood area in number theory 
to the best understood area. Frey 's line 
of thought was this: suppose there is a 
solution your equation. 

I’ve used capital letters to show w^e’re 
thinking of some specific solution. You 
want to show that no such solution ex¬ 
ists, so you just have to assume one 
does and then fight your way to some 
contradictory conclusion. It doesn’t mat¬ 
ter what the contradiction is,” 

“Reductio ad ahsurdum,” Fermat 
declared. 


Pythagorean Triangle 

T o solve the Pythagorean equation -i- pick any whole num¬ 

bers k, u, V. Let x= kiu^ - y= 2kuv and z= k{u^ + v^). Then you 
have a solution. For example, let /c = 1, w = 2 and v = Then x = 3, y = 4 
and z = 5. Or let k = 1, w - 3 and v = 2, so that x == 5, y = 1 2 and z= 13. 
This method generates all solutions. 


z ' 

X 

y 

y2 
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"We call It ‘proof by contradiction' 
nowadays, but that's it. Frey followed 
a suggestion of Jean-Pierre Serre of the 
College of France in Paris and looked at 
the elliptic curve y^^x{x~X^}{x - y"). 
By hammering it with the general theo¬ 
ry of elliptic curves, he discovered that 
what is now known as Frey's eUipttc 
curve is a very curious beast. It has a 
strange combination of properties—so 
strange that it looks highly improbable 
that such a beast could exist at all, 
which of course is exactly what you 
want to prove. In 1986 Kenneth A. Ribet 
of the University of California at Berke¬ 
ley made Frey's idea precise. He proved 
that if the Taniyama-Weil conjecture is 
true, then Frey's elliptic curve cannot 
exist. That would prove your conjec¬ 
ture completely, by contradiction. 

"This is a major, major discovery. It 
says your conjecture is not Just an iso¬ 
lated curiosity. Instead it lies at the 
heart of modern number theory—the 
Taniyama-Weil conjecture. As a child, 
Andrew Wiles had wanted to prove Fer¬ 
mat's Last Theorem. When he became a 
professional mathematician, he decid¬ 
ed that it was just an isolated, difficult 
problem—nice to prove but not really 
important beyond its notoriety. But 
when he learned of Ribel's work, he de¬ 
cided to devote all of his research effort 
to a proof. He realized that you don't 
need the full force of the Taniyama-Weil 
conjecture to make the approach work; 
you just need one particular special 
case of it, valid for so-called semisiabie 
eUiptic curves. He broke the problem 
down into six pieces, and one by one 
he solved them until only one held oul. 
Then a lecture by Barry' C. Mazur of‘ 
Harvard University on something totally 
different sparked an idea that gave him 
the final clue. In a 200-page paper he 
marshaled enough machinery^ to prove 
this special case of the Taniyama-Weil 
copjecture. So WOes proved the semi- 
stabie case of Taniyama-Weil. which im¬ 
plies that Ribel's argument proves that 
Frey's elliptic curve doesn’t exist—and 
you were right all along.” I took a deep 
breath. "Wiles had a huge battery of 
powerful techniques to work with, but 
it took him seven years of hard effort 
to see how to fit the pieces together. 
He knew the broad strategy, but he had 
to get his tactics right. It's an amazing 
achievement." 

Fermat nodded wisely. "And has this 
proof been verified by others? I know 
from my own work that it is so easy to 
make mistakes—" 

"Not in every tiny detail. But a sur¬ 
prisingly large number of experts are 
willing to say right now that they be¬ 
lieve it. Mazur has summed up the con¬ 
sensus view; 'It has the ring of truth.'" 


Points on Elliptic Curve 



A Straight line intersects a typical 
elliptic curve at three points. If 
the coordinates of two of those 
points correspond to whole num¬ 
ber solutions of the associated Dio- 
phantine equation, then so do the 
coordinates of the third point. To 
construct new solutions from old 
ones, you take two solutions, draw 
the line through the corresponding 
points and calculate the coordinates 
of the third point at which this 
line hits this curve. 


1 looked at Fermat. "I've done my bit. 
Now it's your turn. Did you really have 
a proof? ITie one that the margin was 
too small to contain? Do we need all 
this beautiful but complicated appa¬ 
ratus, or is there stiJl a simple proof 
to be found?” 

"WeU/' Fermat began, "it’s like this. 
I—" At that moment the Time Machine 
began to pulsate, alternately fading from 
view and reappearing. “Oh " Fermat ex¬ 
claimed. "The Time Traveler warned me 
of this. Unless I return to my own time 
immediately, I wBl remain stranded here 
forever. Farewell!" And before I could 
stop him, he had leaped on board, 
pulled the lever and vanished. 1 lay back 
in my recliner, stunned by the experi¬ 
ence, disappointed not to have been giv¬ 
en the answer to my final question. I felt 
tired, \\1ped out. The bees buzzed— 

"Wake up, lazybones!" It was my 
wife, with a plate of charbroiled steak. 
"Did you see a Time Machine on the 
lawn?" I asked, still fuzzy. The look on 
her face was peculiar. “No, maybe not," 
I said hastily. "Just dreaming," 
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BOOK REVIEWS 


by PMlip Morrison 


The Biology of the Mind 

Molecules and Mental Illness, by 
Samuel H. Barondes, Scientific Ameri¬ 
can libraiy, 1993 ($32*9S). 

F or frontispiece we see Freud him¬ 
self, brow deeply furrowed in an 
intricate character that must be 
cogent in Hebrew—or is it Chmese?— 
the vision of Ben Shahn. The text ends 
with a fierce Bosch oil, mocking the 
medicos in a scene both comic and trag¬ 
ic, the Extraction of the Stone of FoUy 
from the bloodied top of a bemused pa¬ 
tient’s scalp. Between the two are many 
other paintings, colored diagrams of the 
suite of human chromosomes and of 
molecules, a portrait of Santiago Ramon 
y Cajal at the microscope along with 
Salvador Dali's impression of one of 
Cajal’s real stained micronets, even a 
snapshot of four Uttle girls in matching 
white ruffles, identical quadruplets who 
WDuld all develop symptoms of schizo¬ 
phrenia by the age of 24. 

These signs are diagnostic. The au¬ 
thor is a gifted expositor and a most 
cultivated man who has given us a seri¬ 
ous, exciting, up-to-date and compact 
introduction to biological psychiatry, a 
path along which Freud tried to walk 
before even the biggest fallen logs were 
cleared away. Dr. Barondes is a distin¬ 
guished psychiatrist {at U.C. San Fran¬ 
cisco), "hooked" on molecules since a 
chance year in the very lab where and 
when the genetic code for proteins was 
broken. He aims to show readers "un¬ 
familiar with both fields.,, how they are 
coming together” as the pace begms to 
pick up, and his aim is steady. 

The book cleaves in half. Each part 
deserves a careful report. The molecular 
half is so much more familiar to read¬ 
ers and reviewer that it will be lightly 
touched. It is a pleasure to remark tliat 
the chapters devoted to the genetics of 
behavior, both simple and complex, to 
the molecular mechanism of the genes 
themselves and in particular to neurons 
and their circuitry are as readable and 
concise accounts as any a reviewer can 
cite. They owe their excellence to the 
considered examples and the clarity of 
logical sequence, aided by first-rate dia¬ 
grams. A few pages on the polymerase 
chain reaction and its utihty as an am¬ 
plifier for gene identification are strik¬ 
ing, as indeed are those on the ion chan¬ 
nels that penetrate neural membranes 


and the processes of neuromodulation 
they allows 

The depth of our molecular under¬ 
standing is not yet matched by its spe- 
cifidt>' or applicability. Only lately has 
clinical understanding g{}nc beyond the 
jigsaw-puzzle logic of molecular fit and 
blockage. It has long been known that 
atropine, the principle of belladonna, 
blocks the neural receptor site that 
binds the neuroLransmitter acetylcho¬ 
line and thus inhibits so straightfor¬ 
ward a response as the reflex contrac¬ 


tion of the iris of the eye. Heart muscle 
and peripheral nerve were early, easy 
victories for the biological approach. 

Dozens of neurotransmitters are now 
known; even a simple gas, nitric oxide, 
can enter the neuron interior to alfect 
protein. About 40 years ago the neuro- 
transmitter dopamine was found to be 
reduced in patients with the rigid pa¬ 
ralysis of Parkinson's disease, especial¬ 
ly low within certain motor-related gan¬ 
glia. Strangely, a successful antischizo¬ 
phrenic drug caused a similar disorder 
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of motion. The new science had begun. 

It was no big step to seek and find 
related dopamine receptors of graded 
binding strength and then to find that 
these receptors populate differently var¬ 
ious distinct regions of the brain. The 
count now is half a dozen dopamine re¬ 
ceptors. The newer calming drug cloza¬ 
pine (alas, it has its own cheerless side 
effects on the white cells) binds well to 
dopamine receptor sites of a type un¬ 
common in the basal ganglia but fre¬ 
quent in brain regions more important 
for emotion and thought. The once “un¬ 
breakable coupling” between welcome 
calming action and alarming motion 
disorders has been broken. Clozapine 
has no motion effects, and we can say 
why. It is heartening to learn that clon¬ 
ing by recombinant DNA techniques 
allowed expression of the receptor pro¬ 
tein in human cell cultures, where it 
could be assayed in detail for drug¬ 
binding efficacy. Although no safe bul¬ 
let is yet known, here is rational hope 
for the relief of schizophrenia even be¬ 
fore full understanding of its subtleties. 

The “talking cure,” as the celebrat¬ 
ed patient Anna O. called her analysis 
in the 1890s, was close to the source 
of Freud's psychotherapy of neuroses. 
In 1987 the very term “neurosis” was 
dropped from official international diag¬ 
nostic guidelines on anxiety disorders. 
The method of psychotherapy proved of 
little use against the bizarre disturbanc¬ 
es of the genetically linked ailment. In¬ 
deed, the schizophrenic patient seldom 
even acknowledges any disorder but 
concentrates on the “malevolence” of 
hidden plotters, just as the manic ac¬ 
cepts the intensity of sheer excellence 
and the depressive concedes personal 
worthlessness. 

It is the sufferers from minor anxiety 
disorders who typically note and dis¬ 
like their distressing symptoms and 
seek help in discussion. That is the true 
domain of psychotherapeutic insight, 
symbols in dream and in memory giv¬ 
en meaning by close analysis of past 
personal relationships. Yet the more se¬ 
vere anxiety disorders, the obsessive- 
compulsive ritual repetitions and panic 
attacks, all made vivid here by the lucid 
accounts of patients, pass more and 
more to the side of biology, llie talking 
cure has become less like inquiry and 
more like reassurance. A clue comes 
from animal studies. Some dogs of two 
well-controlled breeds compulsively lick 
their paws even to the point of ulcer¬ 
ation. A champion pointer, Aiieghany 
Sue, “became exceptionally fearful after 
a normal life as hunting dog.” As pup¬ 
pies, her progeny are normal but soon 
fall prey to panic triggered by specif¬ 
ic situations. The parallel to uncontrol¬ 


lable human anxieties is telling. Sym¬ 
bolic analysis is surely not what these 
facts suggest. 

This fine book, aimed at health, does 
not attempt to assess the wider legacy 
of Sigmund Freud. He gave his century 
much more—and less—than a therapy, 
a philosophical view generalizing hero 
and myth, will and conscience, from 
Moses to Oedipus to common slips of 
the tongue. Even if biology is ascendant 
for hereditary illness, history still colors 
whatever we become. One-eared Vincent 
van Gogh looks steadily at us out of his 
moving self-portrait, a reminder that 
mental health is not the only spade that 
is able to unearth the treasure of hu¬ 
man accomplishment. 

Virtual Protection? 

Jane’s NBC Protection Equipment 
1992-93, edited by Terry J. Gander, 
jane’s Information Group, Inc., 1340 
Braddock Place, Alexandria, VA 22314- 
1651 (paperbound, $225). 

H erein is seen no panoply of rak¬ 
ish warships or angular jet fight¬ 
ers. This example of jane’s cele¬ 
brated compilations of military tech¬ 
nology worldwide, grim as it is, seems 
almost homey, for its central topic has 
the intimacy' of breath itself. The form 
of the work is familiar: country by coun¬ 
try and model by model, compact para¬ 
graphs catalogue what is currently made 
and used in each category' of protective 
equipment. The descriptions are cool 
and specific, usually with a photograph 
or two. (NBC is the service Jargon for nu¬ 
clear, biological and chemical warfare. 
Those destructive weapons thcm.selves 
stay rather offstage, outlined generical- 
ly in a few tight pages.) 

The editor’s judgment is firm and 
clear: “Biological warfare is an uncer¬ 
tain weapon. It takes time...is not al¬ 
ways... effective and has a nasty ten¬ 
dency to be harmful to perpetrators as 
well as victims.” Chemical warfare, too, 
“is no longer a way of inflicting casual¬ 
ties” against a prepared military force. 
Yet any present toxic threat plainly “re¬ 
duces the fighting efficiency ” of anxious 
men and women within these suits and 
shelters. The book, illustrating masks 
and clothes and other practicalities from 
all major powers and a dozen or so of 
the lesser, Belgium to Romania to Tai¬ 
wan, supports his conclusions. 

borne coiortuJ pages are set apart for 
commercial advertisements. “Prepare 
for the worst” admonishes a gloomy 
Swedish firm whose impermeable, dis¬ 
posable five-layered plastic coveralls are 
modeled in a text photograph by a file 


of filmy troops, masked, booted, gloved 
and armed. They are safeguarded for 
hours against nerve and blister gases 
and droplets, but surely they are un¬ 
comfortable and sweat-drenched long 
before that. 

More alarming still is mass toxic at¬ 
tack on civilians. The Iraq-Iran war was 
the first in 70 years to revive the chem¬ 
ical warfare of World War I at serious 
scale. Iraqi mustard gas was released 
against Iranian infantry, at first with 
more effect against Iraqi troops them¬ 
selves, though later with decisive re¬ 
sults against unprotected Iranian units. 
Users understand the needs. Protective 
products of the Iraqi state factories re¬ 
ceive four listings here (standard Iraqi 
military masks are of Romanian design); 
Iran does not appear. No chemical at¬ 
tack against urban centers is recorded 
from that long conflict, although more 
than 100 Iraqi Scud missiles fell on 
Tehercin and other cities, and the Ira¬ 
nians fired a few Libyan-supplied Scuds 
against Baghdad. Rumors of toxic war¬ 
heads were part of the strong psycho¬ 
logical result. It was real, not virtual, 
gas, however, that killed many people 
in a few Kurdish villages on Iraqi soil; 
with what agent and by whom sent re¬ 
main in some doubt. 

Collective protection is widespread 
here for the military—filtration for air¬ 
craft and tank crews, command posts 
and the like. Only one listing is designed 
for general issue to a civil population: a 
Tel Aviv firm offers an inexpensive long 
plastic hood with face window and a 
belt-mounted, battery-powered, filtered 
ventilation system. “A special version 
is available for children.” In Helsinki, 
enough public underground shelter is at 
hand to receive 120 percent of the city’s 
people, providing carefully filtered air 
behind blast doors. A few other bystand¬ 
er states are not far behind. Clearly, 
their goal was in part protection against 
fallout made in America but powerfully 
delivered well to the east. 

A small sample of this disparate tech¬ 
nology may amaze in its variety. A 
Netherlands chemical firm makes “The 
Button” for individual soldiers. Take 15 
breaths through the button into the 
mask you are wearing; when there is a 
safe, nontoxic level of nerve agent out¬ 
side, a blue color appears on reagent- 
impregnated papers. The U.S. Marines 
shopped further upscale: for the Persian 
Gulf War, they purchased many Amer¬ 
ican-made, versatile badgelike electro¬ 
chemical detectors, read out by a plug¬ 
in electronics module. But the top of 
the line is the U.S.-German NBC recon¬ 
naissance vehicle the U.S. Army dubs 
the M93E1 Fox, a sbc-wheeled armored 
personnel carrier fitted to detect multi- 
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pie threats* It is able to perform mass 
spectrometry^ of air and tire-collected 
ground samples and to count external 
radiation. Then it records, maps and 
indicates dangers right on the ground, 
ejecting smoke grenades and setting 
coded markers whUe it rolls along. The 
German army provided about 80 of 
these muitimillion-dollar Vernean en¬ 
gines from their targe stocks to the U.S. 
and Coalition forces for the war in Ku¬ 
wait. In contrast, the former Yugosla¬ 
vian army has thoughtfully developed 
a unique protective mask, MZK M-1, for 
horses and mules, offered in two sizes 
by muzzle circumference. 

Warships, aircraft, even rolling armor, 
have passed their zenith within the past 
few years, both in numbers and diver- 
sit>c Cheaper toxic technology is still 
growing, but this threat faces limits 
from the active international campaign 
for NBC control agreement. (Not a word 
is said on the matter in an otherwise 
comprehensive reference.) How^ long can 
we survive uncontrolled preparation for 
such well-engineered wars? 

Gravity on Trial 

The Rise and Fall of the Fifth 
Force: Discovery, Pursuit, and Jus 

TTFTCATION IN MODERN PHYSICS^ by Al¬ 
lan rrankiin. American Institute of Phys¬ 
ics, 1993 ($29.95). 

F or a generation now, we have pro¬ 
duced and observed two heavy un¬ 
stable neutral mesons, called ka- 
ons, with strongly differing lifetimes 
and decay products but the same mea¬ 
sured mass. The short-lived form of 
kaon decays into two pions, the longer 
one into three—just w^hat we expect on 
quantum principles, if the two physical 
states are each a simple quantum super¬ 
position of a neutral particle and its 
equally neutral, yet distinct, antiparticle. 
Real kaons had the temerity to mess 
things up. Occasional but astonishing 
decays of the wrong kind were first 
foimd 30 years ago by James W. Cronin 
and Val L. Fitch, demonstrating a unique 
failure of the deep symmetry' called CP 
conserv^ation. It claims that a joint ex¬ 
change of particle into antiparticle and 
in the handedness or parity^ between 
twn states must restore full equality 
(and the right to mix but not to cross) 
under the law^s. W^hen the Nobel Prize 
was awarded in 1980 for their still un¬ 
matched exception, long confirmed, Cro¬ 
nin remarked a btile wistfully: "We are 
hopeful... that ihis ciyptic message 
from nature will be deciphered.'' 

Not yet, alas; the weak failure of CP 
is easily built into electro weak theory 


but hardly explained. 1'hat is not for 
waul of trying; one attractive path was 
to invoke some novel long-range inter¬ 
action with an environment that is af¬ 
ter all never quite s>Tnmetrical, liy the 
early 1980s orily one faint liint survived: 
certain kaon interaciions with materi¬ 
al targets seemed to vary- with energ>’. 
Maybe some small outside force would 
do the trick? Good old gravliy^ inverse 
square and universal, was well tested, 
both on the lab bench and in space or¬ 
bits. (Inly in between, at scales larger 
than any bench yet far smaller than 
earth orbit, there might lurk novelt>\ 
a small new force less impartial as to 
source and noi so long in reach. 

Far from the big rings, the geophysi¬ 
cists too had been at work. Careful mea¬ 
surements with gravimeters supported 
reas(>nable doubts about the expected 
variation of gravity'. Lab and field results 
on its strength seemed to differ slight¬ 
ly; was gravity locally contaminaied? 

Those two threads, kaons and pro¬ 
posed blemishes on classical gravIt>^ 
came together first in the hands of Eph¬ 
raim Fischbach at Purdue in 1988. Early 
that year he proposed a new Filth Force, 
beyond strong, weak, gravilaTional and 
electromagnetic. The main support he 
offered for his daring hypothesis was a 
surprise. It arose from his reinterpreta¬ 
tion of the famous results of Roland, 
Baron Edtvos at Budapest, work begun 
before World War L Eotvds used the del¬ 
icate fiber-suspended torsion balance to 
measure tiny forces. He sought lo rest 
Einstein's postulate of strict proportion¬ 
ality between inertial and gravitational 
mass. It proved correci to high preci¬ 
sion for a variety of materials. 

But the 1986 reworking of the old 
data showed ihat the slightly discrepant 
accelerations of the samples gave no 
noisy scatter but a straight Line once 
the listing was ordered by the comput¬ 
ed baryon number (number of protons 
plus neutrons) per unit weight. Edtvds 
of course could know^ nothing about any 
neutrons; his posthumous paper came 
out in 1922. The result of "paleophysics" 
w'as plainly deniable. Was it chance? 
That might be if the meticulous Baron 
had underestimated liis errors. (Likely, 
w'e say today.) The bold proposal that a 
simple Fifth Force could all at once fit 
the geophysics, the old Budapest data 
and the K meson w^as tempting but too 
imprecise lo leave untested. Fifty pa¬ 
pers appeared on both sides of the is¬ 
sue during the first busy year. The pro¬ 
ponents were peripatetic: an overflow 
seminar w^ould assemble about every 
fortnight at some lab somewhere. The 
popular press zealously followed the 
explorers. Paleophysics soon gave way 
to novel experiments: physics cannot 


simply order the given world bu t must 
test by extending experience. 

Early in 1987 two impressive new ex¬ 
periments were at hand. One confirmed 
the original inferences from the Buda¬ 
pest data; the other sharply disagreed. 
Now- there are dose to SOO papers in the 
case, including a goodly number of rel¬ 
evant experiments. By the end of 1990 
the Fifth Force was pronounced dead 
almost without dissent. No such force 
is seen with relevant range as strong 
as 1 percent of gravity, couple it to its 
material sources however you like. K 
meson mixing seems not to be energy 
dependent after ali; intrinsic properties 
may yet naturally explain the failure 
of CP. 

The geophysicists met the challenge 
well. Gravimeters went up tall radio 
masts and deep down Into a borehole 
on the Greenland ice cap. Most reported 
a preliminary discrepancy^ Time after 
time their small effects went away on 
meticulous remeasurement of surface 
matter. Standard surveys off the shelf 
proved unexpectedly biased. In North 
Carolina, for instance, surface-gravity 
surv^eys around the high tower had un¬ 
derstandably but fatally slighted the 
l{^west-lymg places, which tended to be 
marshy. The original geophysical exper- 
imenters found errors, too, and tried 
again. Some w'ent to hydropower stor¬ 
age reservoirs and canal locks where 
large nearby masses of water moved 
controllably nearer or farther. The re¬ 
sults: Newionian. 

One positive Ihth Force result stands 
since early 1987 without known flaw. A 
hollow copper ball, adjusted to floai 
submerged in icy water, was brought be¬ 
low the cMs of the Palisades. All noise 
was adequately controlled, as far as any¬ 
one can now' see. The lloat fled from the 
cliff face at a speed of a few inches a 
day, although it also moved an inch a 
day in the unexpected direction along 
the rockface. l.ater experiments of sim¬ 
ilar design done near Florence showed 
drifts 100 limes slower, about the same 
in both directions. This work, on Ga¬ 
lileo’s own turf, led to an upper limit 
on the Fifth Force 50-fold smaller than 
that found along the Hudson. Some un¬ 
known convective drift seems present 
in the earlier work. 

Allan Franklin is a keen physicist- 
tumed-paladin for the entire profession 
in a philosophical battle he has waged 
now for years. This concise, intimate 
Storys of five years of inviting missteps 
is like the script of a compelling court¬ 
room drama, the verdict based on the 
whole richness of the evidence. "To be 
in Error, and to be cast out," said the 
poet Blake, who also knew much of fail¬ 
ure, "is also part of God's Design.” 
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ESSAY by Bruce Russett 


Peace among Democracies 


A vision of peace among democrati- 

/\ cally governed nation-states has 
X V long been invoked as part of a 
configuration of institutions and prac¬ 
tices that reduce war. In 1795 Immanu¬ 
el Kant spoke of perpetual peace based 
in part on states that shared “repub¬ 
lican constitutions.” Woodrow Wilson 
expressed the same conviction in his 
1917 war message to Congress when he 
asserted that “a steadfast concert of 
peace can never be maintained except 
by a partnership of democratic nations.*’ 
This vision once sounded utopian. But 
now, at the end of the 20th century* it 
is newly plausible. 

The research of social scientists 
points to an irrefutable and tantalizing 
observation: stable democracies are un¬ 
likely to engage in military disputes 
with one another or to let any such con¬ 
flicts escalate into war. In fact* they rare¬ 
ly even skirmish. Democracies are more 
likely to accept third-party mediation, 
to reciprocate one another's behavior 
and to settle their disputes peaceful¬ 
ly. At the same time, they are about as 
prone to violence in their relations with 
authoritarian states as authoritarian 
states are toward one another. 

In the modem world, a “democracy” 
means a country in which nearly every¬ 
one can vote, elections are fredy con¬ 
tested and the chief executive is cho¬ 
sen by popular vote or by an elected 
parliament. The more democratic a na¬ 
tion is, the more peaceful its relations 
with other democracies are likely to be. 
Since 1946, pairs of democratic states 
have been only one eighth as likely 
as other kinds of states to threaten to 
use force against each other and only 
one tenth as likely actually to do so. Es¬ 
tablished democracies fought no wars 
against one another during the entire 
20th century. (Although Finland, for 
example, took the Axis side against the 
Soviet Union in World War II, it never¬ 
theless engaged in no combat with the 
democracies.) 

Moreover, the fairly tranquil relations 
among democracies are not spuriously 
caused by some other shared influence 
such as high levels of wealth or rapid 
growth or ties of alhance. Peace reigns 
among democracies even when these 


other favorable conditions do not ap¬ 
ply. These peaceful relations are not 
limited just to the rich industrialized 
countries or to NATO members. EHiring 
the cold war, the phenomenon was not 
maintained simply by pressure from a 
common adversary, and it is outlasting 
that threat. 

Peace among democracies derives in 
part from cultural restraints on conflict, 
primarily from the belief that it would 
be wrong to fight another democracy. 
This view extends into the international 
arena the norms of hve-and let-lLve and 
peaceful resolution of conflict that op¬ 
erate within democracies. Institutional 
constraints also play an important role: 
it is a complicated procedure to per¬ 
suade the people, the legislature and 
other independent institutions that war 
is necessary. Consequently, in a dispute 
with a democracy another nation can 
expect that there will be ample time for 
conflict-resolution processes to be effec¬ 
tive and virtually no risk of inenarrmg 
surprise attack. 

E vidence supports both the cultur¬ 
al and the institutional explana¬ 
tions; they reinforce each other. 
The cultural explanation may be some¬ 
what more powerful* however. A culture 
of democracy* manifested in the ab¬ 
sence of violence in domestic politics 
and the duration of stable democratic 
regimes, seems to exert a somewhat 
stronger influence on peace among de¬ 
mocracies than do particular institu¬ 
tional constraints. 

Nonindustrial societies, studied by 
ethnographers and anthropologists, 
also show less war among democrati¬ 
cally organized polities. These units 
lack the institutional constraints of a 
modem state. Nevertheless, groups that 
are organized democratically fight one 
another significantly less often than do 
groups that have more authoritarian 
rule. The relation between democracy 
and peace is weaker and less consistent 
in preindustrial societies than in the 
modern international system, but to 
find it there at all shows that the pat¬ 
tern of peace among democracies is 
not limited to contemporary Western 
countries. 


The more democracies there are in 
the world, the fewer potential adversar¬ 
ies the U.S. and other democratic na¬ 
tions will have and the wider the zone 
of peace will spread. The emergence of 
new democracies with the end of the 
cold war presents a chance for change 
in international relations more fun¬ 
damental even than the opportunities 
created by the end of the Napoleonic 
Wars and World Wars 1 and 11. Freedom 
House, a New York City-based research 
organization* has for more than 20 
years graded countries by their types 
of political systems. At the end of 1991, 
for the first time ever, dose to a major¬ 
ity of states (91 of 183) approximat¬ 
ed reasonable standards employed for 
judging whether or not a country is a 
democracy; another 35 were in some 
form of transition to democracy. 

The real possibility for widespread 
peace provides a compelling reason to 
strengthen democracy in the successor 
states of the former Soviet Union. There 
is no massive American Marshall Plan, 
and outside influence wiD be limited 
in any case. Yet a favorable internation¬ 
al environment can make a difference. 
Western states can offer some econom¬ 
ic help. International organizations can 
promote human rights and democracy. 
Successful transitions to democracy in 
some countries can supply a model for 
others. A stable and less menacing in¬ 
ternational political environment can 
assist the emergence and consolidation 
of democratic governments. 

Democracy^ in many of these nation¬ 
states may not prove stable. This global 
wave of democratization may crest and 
fan back, as earlier ones have done. But 
states probably can become democratic 
faster than they can become rich. The 
cold war policy of containment succeed¬ 
ed. 'The chance for wide democratiza¬ 
tion now offers a new policy of building 
democratic peace. If it can be grasped 
and consohdated, world politics might 
be transformed. 


BRUCE RUSSETT is Dean Acheson Pro¬ 
fessor of Poiitica! Science at Yale Univer¬ 
sity. His most recent book is Grasping 
the Democratic Peace: Principles for a 
Post-Cold War World (Princeton Unh 
versity Press, 1993). 
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The new Saab 900's door handle is 
intentionally-recessed to reduce wind- 
noise. With your pafm up or down it 
offers a firm grip, Well appreciated in 
bad weather or emergencies. 

Totally practical and thoroughfy 
considered, since every Saab design 


VERY 


solution is influenced by considerations 
of Active and Passive Safety, 

STARTING WITH 'ACTIVE' 

SAFETY 

Aaive Safety? Avoiding accidents m 
the first place. We match our chassis 
resonance to that of the human body 
with prompt and precise signals, 
(Germany’s authoritative ’’Auto, Motor 
und Sport" magazine:’,..^ high /evef 
af performance and comfort owing to a 
sporty and comfortobJe chossrs'.) 

The driver receives an uninterrupted 
flow of vital signals enabling corrective 
or compensative action. Perhaps ex¬ 
plaining the uncanny feeling of security 
and harmony that accompany even 
your initial drive. 

By increasing chassis ngidityn we’ve 
improved handling and driving behav¬ 
iour consistently across all speeds and 
loading conditions increasing the car’s 
predictability, an advantage that could 
be decisive for accident avoidance. 

MOVING TO *PASSlVr 
SAFETY. 

Over 100 prototypes were delib¬ 
erately crashed. A three-way collision 
simulated effects of a multiple accident. 

The front was hit at 56 kph. Designed 


to crumple, it absorbs and distributes 
collision forces. The driver-protection 
system includes seat-belt with pre- 
tensioning, airbag, collapsible steering 
column and our patented A-pillar/front 
sill connection, reducing leg injury risk 
by helping to deflect the front wheel 
from intruding into the cabin dunng an 
offset frontal collision. 

The rear wos struck at 48 kph. Our 
new Saab 'Safeseat' concept features 
a unique new steel beam assembly, 
offering all three occupants three-point 
inertia seat belts and individual head 
restraints*. The lower seatframe also 
acts as a cross-member reinforcing 

THE NEV^ 900. 


VERY SAAB. 

side-protection (the rear seat backrest 
can be optionally equipped with two 
foldable child seats). 

ft was rammed in the side cJt 54 kph. 

All doors are packed with shock- 
absorbent foam. The side-protection- 
system deforms defensively while 
absorbing collision force. Occupants 
are housed in a reinforced steel safety 
cage that deflects high-speed collision 
forces. Result? A battered new 900 
with safety cage Intact. Passengers 
would have been shaken, but dfrve. For 

■Centre head nestraani is an- option 

Specifications and standard equipment may vary by market, 


25 years, our safety engrneering team 
has worked beyond test-track and 
laboratory, analysing real-life road acci¬ 
dent data. The car bristles with safety 
features which apply in all markets, 
not only where legislation demands. 

FINALLY, AN UNUSUAL SAFETY 
ENDORSEMENT. 

Twice in succession. Folksam, 
Sweden's largest insurance company, 
presented Its Safe Car Award to our 
larger Saab 9000. their results showing 
it 40 to 60% safer than the average car. 
Based on the identical design philoso¬ 
phy. our tests indicate that the new 900 


is equally as safe. Other Insurers 
agree, endorsing the new 900’s safety 
and stability by. in most cases, re¬ 
ducing premiums below other cars in 
its class. Very sensible. Very satisfying. 
And very Saab. 

THE NEW 900. VERY SAAB* 



Cansutt your nearest Saab rotailer. 



STRONG. VERY SAFE. 




















As LONG AS THERE ARE PEOPLE WHO 
RESPECT A GOOD FAMILY NAME ... 
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